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ABSTRACT

Context. LOFAR offers the unique capability of observing pulsars across the 240 MHz frequency range with a fractional band-
width of roughly 50%. This spectral range is well suited fardying the frequency evolution of pulse profile morpholaaused
by both intrinsic and extrinsicfiects such as changing emission altitude in the pulsar magpietre or scatter broadening by the
interstellar medium, respectively.

Aims. The magnitude of most of thes&ects increases rapidly towards low frequencies. LOFAR bas &ddress a number of open
questions about the nature of radio pulsar emission anddtsgation through the interstellar medium.

Methods. We present the average pulse profiles of 100 pulsars obséanvime two LOFAR frequency bands: high band (120—
167 MHz, 100 profiles) and low band (15-62 MHz, 26 profiles). d@enpare them with Westerbork Synthesis Radio Telescope
(WSRT) and Lovell Telescope observations at higher fregiesn(350 and 1400 MHz) to study the profile evolution. Thefifa®
were aligned in absolute phase by folding with a new set ahtinsolutions from the Lovell Telescope, which we preseahglwith
precise dispersion measures obtained with LOFAR.

Results. We find that the profile evolution with decreasing radio freigey does not follow a specific trend; depending on the gegmet
of the pulsar, new components can enter into or be hidden iem Nonetheless, in general our observations confirm tdening

of pulsar profiles at low frequencies, as expected from sathtfrequency mapping or birefringence theories. \ferdhis catalogue
of low-frequency pulsar profiles in a user friendly way via BPN Database of Pulsar Proffles
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'>2 1. Introduction see for instance_Cordes (1978). As Hify. 1 shows, pulse profile
— Th lative (i | il ¢ radi | evolution can become increasingly evident at the lowestiobs
e cumulative (i.e. average) pulse profiles of radio pslsae ing frequencies< 200 MHZ).

the sum of hundreds to thousands of individual pulses, amd ar : ' . . .
Mapping profile evolution over a wide range of frequencies

loosely speaking, a unique signature of each purlm%m aid in modelling the pulsar radio emission mechanisaif its

[2008). They are normally stable in their morphology and a . .
reproducible, although several types of variation haventme g?re;n?ﬁrties o?; {ahnedlrsell?tged pal_F')ers OI:‘ the Iseréelsgjaéugd co
seryed both for non-recycled pulsars (see HelfandletalS.19 ny of the processes thalect the pulse shape strongly depend

\Weisberg et &l. 198 in 1995 and Lyne€ et af. : . .
2010 P 5 (Liu et al. 20 the observing frequency, observations at low frequerprie-
010) and for millisecond pulsars lal. 2012). For mogtlr::ie valuable insights on them. The LOw-Frequency ARray

(sometimes drasticall someiimes subly) 45 a functoatsf (LOFAR) Is the fst telescope capable of observing near
serving frequency because of a number of intringieats (e.g. tehné'[gwr:gli g%?:(ig\lljens] (')rf] t:]hee‘rzligi(z)d\rfsirl\]ﬂ d'j)z ,frequency rang?,a
emission location in the pulsar magnetosphere) and eidréfis 201%) and :E. [ 2011 W' (van Haarlemle
fects (i.e. due to propagation in the interstellar mediugil), ) an )- ) )
Low-frequency pulsar observations have previously been
* httpy/www.epta.eu.orgpndts conducted by a number of telescopes, (e.g. Gauribidanur Ra-
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in 16-bit mode and 96 MHz in 8-bit mode) allows for continu-
ous wide-band studies of the pulse profile evolution, coregar
to studies using a number of widely separated, narrow bands
(e.g. the 5x 32 and 20x 32kHz bands used at 102 MHz in
[Kuzmin et al[ 1998). Secondly, LOFAR's ability to track soes

is also an advantage, as many pulses can be collected inla sing
observing session instead of having to combine several sher
servations in the case of transit instruments

[1989). This eliminates systematic errors in the profile tirat
due to imprecise alignment of the data from several obsgrvin
sessions. Thirdly, LOFAR can achieve greater sensitiytgd-
herently adding the signals received by individual stajagiv-

ing a collecting area equivalent to the sum of the collectiren

of all stations (up to 57000 frat HBAs and 75200 mat LBAs,
seel Stappers etlal. 2011). Finally, LOFARews excellent fre-
guency and time resolution. This is necessary for dedisgers
the data to resolve narrow features in the profile. LOFARSs al
capable of coherently dedispersing the data, althoughtbae
was not employed here.

As mentioned above, there are two types béets that LO-
FAR will allow us to study with great precision. One of these a
extrinsic dfects related to the ISM. Specifically, the ISM causes
scattering and dispersion. Mean scatter-broadeningrfasgla
Kolmogorov distribution of the turbulence in the ISM) scale
with observing frequency as*“. The scattering causes delays
in the arrival time of the emission at Earth, which can be mod-
elled as having an exponentially decreasing probabilityeing
scattered back into our line-of-sight: this means that theni-
sity of the pulse is spread in an exponentially decreasiilg ta
Dispersion scales as? and is mostly corrected for by chan-
nelising and dedispersing the data (seele.g. Lorimer & Kiame
[2004). Nonetheless, for filterbank (channelised) data sesid-
ual dispersive smearing persists within each channel:

Ay
tom = 8.3 DMﬁ us, (1)

where DM is the dispersion measure incnpc, Av is the chan-

nel width in MHz, and’ the central observing frequency in GHz.
This does not significantlyfect the profiles that we present here
(at least not at frequencies abov&0 MHz) because the pulsars
studied have low DMs and the data are chanellised in narm@w fr
qguency channels (see Sddt. 2). Second-orfiects in the ISM
may also be present, but have yet to be confirmed. For instance
previous claims of ‘super-dispersion’, meaning a deviafiom
thev~2 scaling law (see e. b._KuZ_an_e_tJaL_Zﬂ)OS and references
therein), were not observed by Hassall etlal. (2012), witb@n
per limit of 5 50 ns at a reference frequency of 1400 MHz.
Fig. 1. Example of pulsar profile evolution for PSR BO93IB, from . The second type offfects under investigation are those In-
1400 MHz down to 30 MHz. It becomes more rapid at low frequesici trinSic to the pulsar. One of the most well-known intrinsfe e
The bars on the left represent the intra-channel smeariagaiuncor- f€Cts are pulse broadening at low frequencies, which has bee
rected DM delay within a channel at each frequency. The pfitere  Observed in many pulsars (elg. Hankins & Rickett 1986 and
aligned using a timing ephemeris (see text for details). IMitra & Rankin [2002), while others show no evidence of this
(e.g. Hassall et al. 2012). One of the theories explaining th
effect is radius-to-frequency mapping (RFM, Cof 978): it
dio Telescope (GEETEE): Asgekar & Deshpande 1999; Largestulates that the origin of the radio emission in the pigsa
Phased Array Radio Telescope, Puschino: Kuzminlet al. ()1 99®agnetosphere increases in altitude above the magnets pol
Malov & Malofeev [201D; Areciboi Hankins & Rankih 2010;towards lower frequencies. RFM predicts that the pulse lprofi
Ukrainian T-shaped Radio telescope, second modificatiall increase in width towards lower observing frequendyce
(UTR-2):[zakharenko et al. 2013), and simultaneoffisrés are  emission will be directed tangentially to the diverging matic
being undertaken by other groups in parallel (e.g. Long Wawield lines of the magnetosphere that corotates with theapuls
length Array (LWA):[Stovall et dI 2015, Murchison WidefieldAn alternative interpretation (McKinnbn 1997) proposesebi
Array (MWA): Tremblay et al. 2015). Nevertheless, LOFAR offringence of the plasma above the polar caps as the cause for
fers several advantages over the previous studies. Fithly broadening: the two propagation modes split at low freqigsnc
large bandwidth that can be recorded at any given time (48 Migdausing the broadening, while they stay closer togetheigét h
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frequencies, causing depolarisation Ethis is invest%émethe gardless, in almost all cases the profile evolution with olirg
LOFAR work on pulsar polarisation, s 015)frequency is a significantly strongeffect at low frequencies.

In this paper, we present the average pulse profiles of 100 Twenty-six of the brightest pulsars were also observedyusin
pulsars observed in two LOFAR frequency ranges: high battte Superterp low-band antennas (LBAS) in the frequenocgean
(119-167 MHz, 100 profiles) and low band (15-62 MHz, 26 ou — 62 MHz. To mitigate the larger dispersive smearing of the
of the 100 profiles). We compare the pulse profile morphokgiprofile in this band, 32 channels were synthesised for eattfeof
with those obtained around 350 and 1400 MHz with the WSRO0 subbands. The sampling time was 49L& he integration
and Lovell telescopes, respectively, to study their evoiluivith  time of these observations was increased to at least 2220s to
respect to a magnetospheric origin and DM-induced variatio somewhat compensate for the lower sensitivity at this feeqy
We do not discuss here profile evolution due to tifeas of band (e.g. because of the higher sky temperature).
scattering in the ISM, which will be the target of a future Wwor  For some sources, 17-minute HBA observations with the Su-
(Zagkouris et al. in prep.). In Sect. 2 we describe the LOFAperterp were indticient to achieve acceptable signal-to-noise
observational setup and parameters. In Sect. 3 we desbrbe(E/N) profiles. For these, longer integration times (or more sta-
analysis. In Sect. 4 we discuss the results, and in Sect. ®we dions) were needed. Hence, some of the pulsars presented her
clude with some discussion on future extensions of this work were later observed with 1 hr pointings as part of the LO-

FAR Tied-Array All-Sky Survey for pulsars and fast tranggen

(LOTAAS: see alsb Coenen etlal. 2014), which commenced af-
2. Observations ter the dficial commissioning period, during Cycle 0 of LOFAR
cientific operations, and is currently ongoing. LOTAAS eom

The observed sample of pulsars was loosely based on a Sei?r?és multiple tied-array beams (219 total) per pointingls

tion of the brightest objects in the LOFAR-visible sky (deat ) o
tion> ~30°), using the ATNF Pulsar Cataﬂm%@. serve both a survey grid as well as known pulsars within the
rimary field-of-view.

[2005) for guidance. Because pulsar flux and spectral indiced
are typically measured at higher frequencies, we also based
selection on the previously published data at low frequesicig Analysis

(Malov & MalofeeV[201D). Since the LOFAR dipoles have a’

sensitivity that decreases as a function of the zenith arafle The LOFAR HDF5] (Hierarchical Data Format5, see e.g.,
sources were observed as close to transit as possible, &nd dfexov et al. | 2010) data were converted BSRFITS format

the very brightest sources south of the celestial equator ole-  (Hotan et all 2004) for further processing. Radio frequeiney
served. terference (RFI) was excised by removintieated time inter-

We observed 100 pulsars using the high-band antenwats and frequency channels, using the tofil find from the
(HBAS) in the six central ‘Superterp’ stations (CSe@S007) PRESTA] software suite[(Ranso 01). The data were dedis-
of the LOFAR corB. The observations were performed in tiedpersed and folded usinRESTO and, in a first iteration, a ro-
array mode, that is, a coherent sum of the station signals tasional ephemeris from the ATNF pulsar catalogue, usirg th
ing appropriate geometrical and instrumental phase areldiea automatic LOFAR pulsar pipeline ‘PulP’. The number of bins
lays (see Stappers etial. 2011 for a detailed descriptiorOsf Lacross each profile was chosen so that each bin corresponds to
FAR'’s pulsar observing modes and van Haarlem et al. [2013 &pproximately 1.5 ms.

a general description of LOFAR). The 12967-MHz frequency The profiles obtained with the HBA and, where available,
range was observed using 240 subbands of 195kHz each, 3yBA bands were compared with the profiles obtained with the
thesised at the station level, where the individual HBAstileere  WSRT at~ 350MHz (from here onwards ‘P-band’) and at
combined to form station beams. Using the LOFAR Blue Glene~ 1400 MHz, or with the Lovell Telescope at the Jodrell Bank
correlator, each subband was further channelised into 46-chObservatory at 1500 MHz (from here onwards ‘L-band’). The
nels, formed into a tied-array beam. The linear polarisatioWSRT observations that we used were performed mostly be-
were summed in quadrature (pseudo-Stokes 1), and the sigmaten 2003 and 2004 (see Weltevrede &t al. 2006, ‘WES’ from
intensity was written out as 245.76 samples. The integrationhere onwards, and Weltevrede et al. 2007 for details). ThelLo
time of each observation was at least 1020 s. This was chosenhservations were all contemporary to LOFAR observations,
provide an adequate number of individual pulses, so as te awberefore in the cases where both sets of observations waite a
age out the absolute scale of the variance associated with-puable, we chose the Lovell ones because they are closer to or
phase ‘jitter’ to the cumulative profile. The jitter, alsarteed overlap the epoch of the LOFAR observations. At L-band we
stochastic wide-band impulse modulated self-noise (SWI&4S used Lovell observations for all but three pulsars: BOASE

in [Ostowski et all 2011), is the variation in individual palsm- B0450-18, and B052521. In a handful of cases, where no pro-
tensity and position with respect to the average pulse pr(ie file at P-band was available from WES, we used the data from
also[Cordés 1993 arid Liu eflal, 2012 and references therethi European Pulsar Network (EPN) dataBase

This variation does not significantlyffact the measurements To attempt to align the data absolutely, we generated
that have been carried out for the scope of this paper (ilsepuephemerides that spanned the epochs of the observatians tha
widths, peak heights), but we have checked that the regultimere used. This did not include those from the EPN database,
profile was stable on the considered time scales by dividiah e however. Ephemerides were generated from the regular moni-
observation into shorter sections and comparing the shafpesoring observations made with the Lovell Telescope. Thedm
the resulting profiles with the overall profile. In the casdweve of arrival were generated using data from an analogue fétgtb
stability was not achieved, we used longer integrationgin®e- (AFB) up until January 2009 and a digital filterbank (DFB)cgn

1 httpy/www.atnf.csiro.atpeoplgpulsaypsrcat 3 httpy//www.astron.nlotaag

2 The full LOFAR Core can now be used for observations and prd- http;/www.hdfgroup.orgHDF5
vides four times the number of stations available on the Bege(and ° https//github.conjscottransorfpresto
a proportional increase in sensitivity). 6 httpy/www.epta.eu.orgpndl
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Fig. 2. Gaussian modelling and resulting fit residuals for the pptséile of PSR B113316 at four frequencies, between 0.4-0.6 in pulse phase.
Top left: LOFAR HBA. Bottom left: LOFAR LBA. Top right: 1.4 GH. Bottom right: 350 MHz. The Gaussian components contiriguo the fit

are shown in colours, while in black, overlapping the profibatours, we show the best fit obtained from them. It is evideat this standard
‘double’ profile (see Sedf. 5.1) is not well fit by only two Gaiss. Even adopting a higher number of components, thesodithe residuals

is not at the same level as th&-pulse residuals (this is the criterion that was adoptedHerdetermination of a good fit, following Kramer et al.
[1994). Nonetheless, when the residuals on-pulse wereegisot at the level of only a few percent from the onfigpalse, we chose not to add
more free parameters to the fit.

then, with a typical observing cadence between 10 and 21 daye shorter data spans, except that astrometric paranvetees

The observing bandwidth was 64 MHz at a central frequencyfitfand typically more spin-frequency derivatives were lieggl

1402 MHz and approximately 380 MHz at a central frequency @he epoch of the WSRT observations is specified in Tablé B.1

1520 MHz for the AFB and DFB, respectively. The ephemeridé@sthe Notescolumn. Given the method we used to align the pro-

were generated using a combinationPSRTIMH] and TEMPO, files, the timing solution is less accurate over these lotiges

and in the case of those pulsars demonstrating a high de§respmns than those constructed to align the Lovell data, itdb

timing noise, up to five spin-frequency derivatives weredfigh- represents a good model, with a standard deviation (r.mfs.)

sure white residuals and thus good phase alignment. the timing residualg 1 ms. We aligned the profiles in absolute
The L-band profiles were generated from DFB observatiopbase by calculating the phase shift between the referguoadhe

by forming the sum of up to a dozen observations, alignedqusiof the observations and the reference epoch of the epheametis

the same ephemerides used to align the multi-frequency\data applying this phase shift to each data set. .

re-folded both the LOFAR and the high frequency data setgjusi

this ephemeris. In general, where Lovell data were availahk Some of the pulsar parameters derived from these

ephemeris was created using about 100 days’ worth of data. Bphemerides are presented in Tdblel B.1. The first coluns list

the WSRT observations, an ephemeris was created spanminghe observed pulsars, the second and third columns listpihe s

some cases, ten years of data and ending at the time of the period and period derivative of each pulsar, the fourth wwiu

FAR observations. The timing procedure was the same as ifthe reference epoch of the rotational ephemeris that sed u
to fold the data, and Cols. 5 and 6 list the epochs of the LO-

7 httpy/www.jb.man.ac.uk-pulsajobservingproggpsrtime.html| FAR HBA and LBA observations. In Cols. 7 and 8 two mea-
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Table 1. Pulsars for which the absolute alignment was not achiev@dble 2. Pulsars for which one or more glitches occurred during the
with the refolding using the same ephemeris (see text faildgt The range of the ephemerides used in this paper (above the htaidme)
extra DM shift (in cnm®pc) and corresponding phase shifip] needed or near the range of validity of our ephemerides (below thezbatal

to align the profiles are indicated, or possibly other reagonthe ob- line). The uncertainty of the glitch epoch is quoted in p#ieses and it
served shift, e.gSfor scattering, which notably alters the shape of this expressed in days, except for the case of PSR B4B0Avhere it is
profile, g in case a glitch occurred during the range of the ephemerigjoted in seconds. Sources: Jodrell Bank and ATNF glitchiaes.
number of spin-frequency derivatives fitted to obtain a gepldemeris
(i.e.F#), or finalr.m.s.(in ms) of the best timing solution.

References[l]lé%l‘pm;a_e_t_dll_(lo_ll); [2] Janssen & Stappkrs (2006);
0).

[3]Yuan etal.
PSR Name| extra DM shjftauses for misalignment .
PSR Name Start End Glitch Epoch

[MID]  [MJD]  [MJD]
B0114+58 | S
B0525+21 | F4,S, g
B1633r24 | F4,rms1.3, DM=—0.11,A$=0.043 BO355+54 51364.6 56262.2 51679(18)
B1818-04 | S 51969(1§
B1839+09 | rms=1.4, DM=—0.13,A¢ = 0.051 52943(3H
B1848+13 | DM=-0.04,A¢ = 0.017 53209(2)
B1907+10 | F3,S B0525+21 52274.9 56641.1 52296y
B1915+13 | S 53374
B2148+63 | S 53980(12¥!

B0919+06 55555.2 56557.5 55152(8)

. , .- B1530+27 51607.0 56535.6 49732(8)
surements for the DM are given: the first as originally used to  g1g22.09 548765 56571.8 54114 963)
dedisperse the observations at higher frequencies, argkthe B1907+00 54984.1 56556.9 53546@)

ond as the best DM obtained from the fit of the HBA LOFAR B1907+10 549245 56535.1 54050(350 [3])

observations using PRESTQ)s epfold 1). The B2224165 55359.7 56570.1 54266(14Y

next three columns provide the pulsar’s spin-down age, mag-
netic field strength, and spin-down luminosity as derivexfr B2334:61 546354 56507.3 53642(13)

the rotational parameters according to standard apprdixinsa
(see e.g. Lorimer & Kramer 2004): Only in a few cases, documented in Table 1, was the DM

7[s] = 0.5P/P ) obtained from the LOFAR observations not used for the align-
’ ’ ment. Those are the cases for which, also evident fron{Elj. B.
the intra-channel smearing caused by DM is a substantied fra
B[G] = 3.219. 10° ﬁ 3) tion of the profile width (similar.to or higher than the on_—pell
region), and therefore the quality of the measurement ietow
) ) than that obtained at a higher observing frequency. On ther ot
E[erg/s] = 4x° - 10°°P/P?, (4) hand, in some other cases (although rare, see Table B.1), eve
hereP i di ai 1 Th i lianed the LBA measurement was good enough to provide a DM mea-
whereP Is measured in s and in ss—. The resulting aligne surement, and in these cases we were able to use that for the
profiles for the 100 pulsars are shown in Aig.1B.1 in the aalignment. In this way we obtain the best alignments, in gaine

pendix. The star next to the name of the band (P-band in m ; : :
cases, with the exception of B01867, where we used the P-Ezngfml%'%gssgye residualfeets could still be observed in a

band for abs_olute alignment) indicates that the cor_resipgnd For those cases (listed in Talile 1) where the remainifig o
band Wﬁs EIOIQFTS gy eye é)aﬁed ?]n tEg ﬁt;80|ute allgbnmgnt “was noticeable by eye, we investigated the possiblessaus
tween the ata and the other high-frequency band. er refolding and applying the new DM. We checked whether
alignment Was_made based only on the choice of a specific PO pulsars in our sample had undergone any glitch activity d
along the rotational phase of the pulsar, at the referenuelepl ;i\ the time spanned by our ephemerides. Sixteen out of our
the ephemerls, but unmodelled DM variations can be resbtﬂ1$|100 pulsars have shown glitch activity at some time. Seven of
L‘?r extr?,glb%n s[)nall, phase sh|f;s (UDOtIO a@ffw percerd, Be o have experienced glitches relatively close to the lepéc

; ed). In eed, oﬁ?eervan;)ns performed afefent tlmes,.fgétie our observations, but only two of them during the time spanne
ar apart, an Dal\t/l rent requenmei, c;’;m POSSESS qul bl mour ephemerides. The relevant glitch epochs of thesarsuls
ent apparent DMs (up to some tenth of a percent, see Tablet), resented in Tabl@ 2 and were taken from the Jodrell Bank

DMs that are due to the ISM have, as expected, a time depsm—ch archiv@ (Espinoza et dl. 2011, 2012), integrated with the
] v ] . ” - . . y g A
dence (se2 You etal. 2007, Keith et'al. 2013), and theerdi TNF pulsar archi® We note that while the glitch activity

ences can become quite relevant especially at the lowesAROF 4 haye had an influence on the shift of PSR BOSZE the
frequencies. We chose to re-dedisperse all the profilesAROF o o\, rent activity of PSR B0355%4 did not cause as notable an
a’?d high-frequency ones, using the DM obtalr)ed as the best act on the alignment. In some cases the profile is scdtiere
with prepfold for the HBA LOFAR observationprepfold o | OFAR HBA band and rapidly becomes more scattered to-
determines an optimum DM by sliding frequency subbands Wi, .4q jower frequencies. This wilffact the accuracy of the DM

respect to each other to maximise 8y& of the cumulative pro- easurement. potentiallv causing an extra brofile shiftvbeh
file. The intra-channel smearing caused by DM over the banra- P y g P €

width at the centre frequency is indicated by the filled regta & httpy/www.jb.man.ac.ulpulsayglitcheggTable.html
next to each profile in Fig. Bl 1. 9 httpy/www.atnf.csiro.afpeoplgpulsaypsrcatglitch Tbl.htm!
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bands. In some cases the ephemeris had a large r.m.s. tinsexyed profile. By measuring the widths in these realisafiome
residual, or it included higher order spin-frequency datiixes obtained a distribution of allowed widths from which we dete
beyond the second, which is typical of unstable, ‘noisy'saus. mined their standard deviation. We note that these errerstar
All these cases are indicated in Table 1. In the other cases, tigtical only and do not take into account the validity of @sr
calculated that a DM dlierences 0.05 cnt3pc, compatible with  sumptions, that is, the reliability of the template usedcfi@ss-
the measurement uncertainties, would compensate forhifat scheck the width of the full profile, we tried filerent methods.
For this reason, we applied an extra shift to align thesegpsils An example of how these widths were calculated is described i
profiles by eye in Fid., Bl1 and referenced this shift in Table 1 Sect[A of the Appendix and is shown in Fig._A.1. In TablelB.2,
Only a small number of pulsars in our sample show ifsols. 2 and 3 showsy andwjg in degrees at all frequencies,
terpulses: B082826, B0950-08, B1822-09, B192010, and calculated using the Gaussian profiles and cross-checkeg us
B2022+50. For these pulsars the profile longitude is shown the on-pulse visual inspection. The last two columns regpres
its entire phase range instead of in the phase inter28H00.75, the calculated spectral indéxof the evolution of these widths
as was chosen for the other profiles. The phase-aligned poso andwso) with frequency as o« . The table shows that this
files, which normally have their reference point at 0.5, Hasen fit can be highly uncertain. We also note that for more da, th
shifted by+0.25 in these cases, to help the visualisation of the ilinear fit is not always the best representation of the realdrof
terpulse. A zoom-in of the interpulse region is shown in the profile evolution (see Fi§l 3 and a more detailed disoussi
(LBA data were excluded because none of the interpulses wir&ect[5.1]1). Column 4 of Talle B.2 lists the duty cycleaxdte
detected in that band). Our sample also contains a few modmgsar, calculated as;o/P, whereP is the pulsar period.
pulsars (notably BO8226 and B094310). For these pulsars
we caution that the profile reflects only the mode observedA'n
the particular observations presented here. A more detagat- 4 R€SUlts

ment of the low-frequency profiles of BO8236 and B094310 Here we present the results of LOFAR observations of 100 pul-
can be found in_Sobey etlal. (2015) and Bilous et al. (2014), ks, considering their profile evolution with frequencyl aom-
spectively. In yet other cases, for instance B1857-26, ndimgo paring them with observations at higher frequencies. ItiQar

behaviour has previously been documented, but notablegelsangy, we study how the number of profile peaks, their widths, an
in the profile are seen from high to low frequencies. Theséimighe relative pulse phases vary with frequency.

reflect diferent modes of emission when the various observa-
tions were taken. A more detailed discussion of some cases of .
peculiar profile evolution can be found in Séctl5.3. 4.1. Pulse widths

We fit the multi-band profiles of each pulsar using GaussigQe calculated the evolution of the profile width across ttee fr
components (see an example in . 2), which are a good repfgancy range covered by our observations. We chegéor our
sentation for the profiles of slow pulsars (see Krameret3941 cajculations and cross-checked using, as it is better suited
and references therein). We used the progegguuss£it.py, for multi-peaked profiles thamer and less fiected by lowS/N
of the PRESTO suite, which has the advantage of providing ahanuwpo (see SeciA, FigrAl1 and Talile B.2). When the mea-
interactive basis for the input parameters to the Gaussian fgrements disagreed, the Gaussian fit was refined aftel irisua
This program can be used to apply tht_a same met_h_od aSsfbction of the obtained width.

Kramer et al [(1994) (see e.g. Fig. 3 of their paper), as itiples We calculated the dependence of the width of the profiles on
post-fit residuals (for the discrepancy between the modétlae 1o pulse period, considering thefdrent frequencies separately.
data, see bottom half-plots of Figl 2) that we required toehayye note that the pulse width is not a direct reflection of therbe
approximately the same distribution in the on-pulse asef gz or diameter (i.e.2 wherep is beam radius). For a visual
pulse region. The full rotational period, and not only theputse representation of the geometry see for insta Aciet@
region, was taken into account by the fit, also allowing fatidr (2011) and Bilous et al. (20114). In fact, only if the obseivkne
guishing interpulses or small peaks affelient phases from the ot sight cuts the emission centrally for magnetic inclinatan-
noise. The Gaussian components derived using this methed Wes,a, that are not too small (i.ec >~ 60°), w ~ 2o. In such a
chosen to satisfy the condition of best fit with minimal redurgase, when the emission beam is confined by dipolar open field
dancy, and no physical significance should be attributelemt  |inas we would expect Y2 dependence, which has indeed
Hassall et &1.(2012) have shown that it is possible to aelyra peen observed when correcting for geometridias by trans-
model the evolution of the profile with frequency using Gaugsrming the pulse width into a beam radius measurement (see
sian components, but a specific model has to be applied thdi i G k 1996; Maciesiak eflal. 2012). For
ually to each pulsar, requiring much careful considerauth circylar beams, profile width and beam radius are relatethéy t

an analysis is beyond the scope of this paper. In the abséace Q|ation first derived by Gil et all_(1984):
more comprehensive treatment of scattering for LOFAR pasfil

which is envisaged for subsequent papers, the most evidatat s

tering tails of the low-frequency profiles have not been nilede ] . (W10 (B Y

and the corresponding profiles components were not inclided’10 = 2 Sin" [sinasin (@ + ) sin? (T) + sin? (5)] : ®)
the table and are not used in any further analysis.

We used the mathematical description of the profiles in terfiihe angles is the impact angle, measured at the fiducial phase,
of the Gaussian components to calculate the widths and ampli which describes the closest approach of our line of sight to
tudes of the observed peaks. For each profile we obtained tine magnetic axis. This equation is derived under the assamp
full width at half maximum {sp) and the full width at 10% of that the beam is symmetric relative to the fiducial phasei-Typ
the maximumuwio. To calculate the errors on the widths, weally, widths are measured at a certain intensity level. @086
simulated 1000 realisations of each profile, using the ihegse or 10%, as here), angvalues are derived accordingly. In many
Gaussian-based template and adding noise with a standardcdses, profiles are indeed often asymmetric relative torthsem
viation equal to that measured in thf-pulse region of the ob- midpoint, or become so as they evolve with frequency. We note
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Fig. 3. Width at 10% of the maximumu(o) encompassing the outer components of the profile, whesepteThe plot shows the evolution of
w1p as a function of observing frequency for each pulsar.
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Fig. 4. HBA profile widthswsg (top) andw,o (bottom) as a function of spin periotleft side:The blue and red dots represent the data (red:
interpulse pulsars, blue: other pulsars), while the re@tldble represents the best fit (non-weighted) and the retiethtnes represent itsrl
dispersion fow = A- P~95, The fitis calculated using our interpulse pulsars, follwgiRankih [(1990) and Maciesiak ef &l. (2011) (see discussion
in the text).Right side:The blue dots represent the data, while the green solid &peesents the best (non-weighted) fit for all the pulsars:
w=A-P™", and the green dashed lines representdtslispersion (see discussion in the text).

that for a central cut of the beara € 0) and for an orthogonal pulses) as our orthogonal rotators to calculate a minimuin es
rotator ¢ ~ 90°) the equation reduces o= w/2 as expected, mated width using a fixed dependence on the perioBa&.
while in a more general case, whete= 0 anda > p the re- The interpulse pulsars in our sample are plotted in red in[#Fig
lation reduces tp = (w/2)sina. In principle, it is possible to and are shown in Fi§. B.7 and labelllin Table[B.2. The red
determinex andp with polarisation measurements. However, isolid and dashed lines represent the best fit of the depenpdénc
reality the duty cycle of the pulse is often too small to obta- wso andwie on P~2, which should constitute a lower limit to
liable estimates (see Lorimer & Kramer 2004). Alternatiyelt the distribution of pulse widths. We obtain

least fora, the relation reported ly Rankin (1993) can be used:

wso(150MHz) = (3.5 + 0.6)° - P~0-20002 )
wsocor(1GHZ) = 2.45° - P70'5i0'2/ sin(@), (6)

calculated from the observed width dependency on period ipf5(150MHz) = (10+ 4)° - p~050:0.02 (8)
the core components of pulsars (see $egh. 5.1), which isshtr whereP is in seconds, the error is quoted atfbr the amplitude,

cally related to the polar cap geometry. Equafibn 6 is vatid T
1 GHz, but can be applied at LOFAR frequencies, maintai%}%\taﬁsmor?n tihi pol vvlerlzlagwj ir;deE.SO was taken to be.02,

ing the same dependence, if the impact amyle pcore; Sina | : . . .
: " — n the right panel of Fid.J4 we present a fit to the widths of our
should be ignored for orthogonal rotators. AdditionaliariRin LOFAR sample as a function of pulse period. Because thesscatt

'Mg;%éd%%)ﬁﬁ::ﬁgmﬁs much larger than the individual error bars, we performed a
99 P non-weighted fit. The lines represent the best fit to the datiad(

rad_|o emission 9f the,pulsa‘r can ,be cIaSS|f|eq and separted |ine) and its b dispersion (dashed lines). Here we calculated
emission from ‘inner’ and ‘outer’ cones, which seem to show

different spectral properties (see SECi 5.1 for details). wso(150MHz) = (6.2 + 0.8)° - P~01204 9)
Figure[4 represents the 50% and 10% widths of the pro-

files as a function of the pulsar period. We show the re- o 0340,

sults for LOFAR data, using only the HBA data, for whicH10(150MHz)= (16+ 2)° - P P, (10)

we have the largest sample. In the left panel of Elg. 4, wehere the errors aresl

adopted the assumptions from Rankin (1990), later follosed ~ The widths follow an inverse dependency with the pul-

IMaciesiak et dl.[(2011), and used our interpulse pulsarerfovsar period, consistent with previous analyses at higher fre

lapping their samples of ‘core-single’ pulsars that shoterin quencies (e.g._Rankin 1990; Maciesiak etlal. 2011, but also
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Col. 5 of TabldB.R. The inverse correlation that is obseyirad
plying that shorter period pulsars have larger beams, sl

dent at LOFAR frequencies. It can be used to characterisapul
beams and help create accurate beaming models for pulsars in
the Milky Way, which would in turn constrain the Galactic pop

ulation and its birth rates (Lorimer et/al. 1995).

4.2. Spectral evolution of individual components

No absolute flux calibration of beam-formed LOFAR data was
possible with the observing setup used for these obsengtio
Therefore no spectral characterisation could be attemyeéd
Nonetheless, we attempted a characterisation of theve lan-
plitudes of pulse profile components for pulsars with mistip
peaks. In TablEBI3 we list the pulsars for which double or-mul
tiple components can be observed and separated in at least tw
frequency bands. For these pulsars we selected the two most
prominent peaks and calculated the evolution of the redativ
heights with observing frequency. We chose to select thegea
as the two most prominent maxima of the smoothed Gaussian
profiles and verified by eye that we were consistently follow-
ing the same peak at all frequencies. We note that as a result
of subtle profile evolution (see elg. Hassall é{ al. 2012iftssh

of the peaks in profile longitude cannot be excluded, which we
did not track here. The profile evolution is in some casesequit
complex and the profiles are sometimes noisy, thereforerthe p
files as presented in Fig.B.1 need to be reviewed before draw-
ing any strong conclusions based on [Ei. 6. We first attempted
to apply a power-law fit to calculate how the ratio between the
two peak amplitudes changes with observing frequency for al
the pulsars: P2/P1](v) « v*, whereP1 is the peak at the ear-
lier phase and?2 is the peak at the later phase. This fit pre-
sented large errors, and the distribution of the spectdites
was peaked close to 0, with an average af B, indicating no
systematic evolution despite the large scatter. A simitadifig

was obtained by Wang etlal. (2001), who only selected conal
double pulsars. They concluded that a steeper spectrad fode

the leading or trailing component are equally likely, arguin
favour of a same origin of the peaks in the magnetosphere, as
expected if both components correspond to two sides of a cona
beam. They also found a dominance of small spectral indices,
with a quasi-Gaussian distribution, indicating no systeécrevo-

Fig. 5. Duty cycle (v10/P) vs period of the pulse longitude at the twdutive trends. The dferent evolution of the peaks would then be

frequencies for which we have data for all the pulsars in amge:

due to geometric beamingfects. While in their case the pulsars

HBA band from LOFAR and L-band, for comparison. The errorsbakyere carefully selected so as to include only the conal desybl
are omitted, as in Lorimer etlal. (1995), to more easily gligeeye on i oyr case no such distinction was followed, so that tiiectint

the trend.

Gil et all[1993] Arzoumanian etlal. 2002) and at these frequggp,

relative spectral indices could also depend onféedént origin

of the emission regions (see also SEcil 5.3).

Given the large scatter of this result, and because our sampl
eterogeneous (with double and multi-peaked pulsaes)nw

cies (Kuzmin & Losovsky 1999). In general, broadening by EXestigated the ratios more closely. Figliie 6 shows the &wolu
ternal dfects may also be expected, even though not dominag:the ratios with observing frequency for each of the puisar

while we were careful to avoid evidently scattered profitesur

used for this calculation. We ordered the pulsars into tveags,

sample, DM smearing can also contaminate it. Finally, b8€ayaking first the pulsars for which the profiles were alreadylst

our data are chosen according to detectability of the psila&r jeq in previous works, and sorted by right ascension within t
low frequencies, a dierent bias in the observed sample conyyoyps. In most cases it is apparent that the simple poweislaw
pared with high frequencies cannot be excluded. In conmiysi ot 5 good fit to the data and can be misleading if measurements

our determination of the relationship betwees, or w;o and

are only possible at two frequencies.

Pis only a first step to determining the relation for the model- Taple[B3 provides a detailed summary of these measure-
independent beam shape, which is to be determined when Mgt We observe that the prominence of the peaks seems to
polarisation measurements are available.
Figure[® presents the duty cycle16/P) of the pulsars in version in the dominance &1 from LOFAR HBAs to L-band.
two bands: LOFAR HBA and L-band, for comparison, plotte@he inversion point is also indicated in Fig. 6 by the blueior
against the period. The values of the duty cycle are repantedzontal line. In general, starting from LOFAR frequencidgre

shift from low to high frequencies with, in most cases, a net i
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Fig. 6. Ratio of peak amplitudes for pulsars with multiple peaks &snation of observing frequency. The red line connects thits @it is not
representative of the power law used to fit an exponentiauiggnce: PP 1() o v”. It is evident that in most cases a power law does not represen
the best fit for the frequency evolution of the peaks’ ratithaugh care should be taken as it is hard to reliably traekpsak amplitudes in some
cases and to follow the same P2 and P1 (see Becil 5.1.1 fidsyéfhe blue line corresponds to the inversion point whaeepeaks have equal
amplitude. It is evident that in a number of cases the redaivplitudes of the peaks invert as a function of frequeney &ecl 5.111 for details).
The black vertical lines in between plots 11 and 12 mark tlagk between previously studied cases and new (see texdtfols)l.

seems to be a trend that the peaks change from being more disvature-emitting photons follow in the leading and trejlside
similar amplitudes at low frequencies to becoming morelsimi of the profile (see e.g. Hirotani 2011), but it is not obviohiatt
at high frequencies. We note that Fig. 1. of Wang etlal. (200this should also follow for the radio emission.

shows that a linear trend of the peaks’ ratio with frequentsy fi

the data well in most cases, meaning that at higher frequ
cies the relative amplitude of the peaks will again depammnfr
equality. Notable changes in the observed pulse profile-prapi. pPhenomenological models for radio emission

erties at low frequencies with respect to high frequenca&h o )
previously been observed for instance[by Hassalllet al.Zgo1Based on the findings discussed above, we drew some conclu-

IHankins & Rankih[(2010), arld Izvekova et al. (1993). sions on the models that have been proposed to explain the ob-

An observed feature that can contribute to this behaviosrv\qsf'éerved properties of pulsar profiles and on some predicted ef
. ) . cts such as radius-to-frequency mapping (RFM). Thesestaod
discussed by Hassall et al. (2012): they modelled the pmife 1,6 |argely been developed based on observations pedame
lution with Gaussian components that were free to evolvgiton _ 559 MHz
tudinally in a dynamic template. The examples presentectthe Rankin’é model [(Rankin [ 19884,b,[ 1986 1990:

(two of which are also in our sample: BO3284 and B113316) g%hakrishnan & Rankin 1990 Rarlkin 1093: Mitra & Rahkin

S_hOWEd that the components change amplitudes and move | ) proposed that the emission comes from the field lines
tive to one another. originating at the polar caps of the pulsar, forming two con-
Hardening of the spectrum of the second peak is observedantric hollow emission cones and a central, filled, coreer&h
gamma-rays in the typical case of two prominent caustic peak a one-to-one relation between the emission height and the

3) and is explained with thefdrent paths that observing frequency, so that afféirent frequencies the profile

' Discussion
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evolves, as more components come into view or disappear.Thorseit[(1991) analysed this dependency using a sample of
Rankin based her classification on the number of peaks gndsars observed at various frequencies. He concludechthat
polarisation of the pulse profiles. Profiles with up to fivereak frequency seemed to be necessary to model the evplutio
components are observed (althoughlsee Kriamer 1994 for a mufréhe pulse profile. On the other hand, a simple power law (or
detailed classification). The profiles can be sindgke ¢r Sy a quadratic dependence, indiscernible with his data) amddh
based on whether the profile will become triple or double ditional constraint of a minimal emission width (or peak @&ep
higher or lower frequencies, respectively), doulid, (triple (T ration) could fit the data at all frequencies. He obtaineddiie

or cT), tentative quadruplecQ), and quintuple (indicated aslowing functional dependence from a phenomenological rhode
multiple M), wherec represents the presumed core origin. of component separation:

1(1988) found that their data agreed witty, _ o . 5 4 Ap 11
the hollow cone model, and they also observed a distinction%gg V" + Amin (11)

spectral properties between core and cone emission, oagit l&vhereAd is the component separatiaiis the separation power-

inner and outer emission. However, based on asymmetriedayi index of the components, anthy,, the constant value at

the components relative to the midpoint of the profile and tiggh frequency that the pulse separation tends to. Thegirexds

presence of so-called partial-cone profiles, they proptsaich for 6 are quite varied depending on the theoretical model (see

window function defines the profile shape, and within thig, thrable 1 in Xilouris et al. 1996).

locations of emission components can be randomly disgthut ~ [Mitra & Rankin (2002) also did extensive work on RFM.
A further step in this direction was made by'hey assumed double profiles to derive from conal emission

[Karastergiou & Johnstbn [ (2007), who assumed a singﬂéd t_herefore analysed a sample of ten bright pulsars slgowin
hollow cone structure without core emission but insteachwiProminent cone components. They found that inner cones are
patches of emission from the cone rims. Emission could cor@t @fected by RFM and that their component separation does
from different heights at the same observing frequency, but siipt vary with observing frequency, while outer cone compusie
following RFM; the number of patches changes with the age $fow RFM and increase their separation with decreasingobse
the pulsar: up te- 10 patches, but only at one (large) height fod frequency. .

the young pulsars, and up to 4 — 5 at~ 4 different (lower)  Hassall etal/(2012) have discussed that RFM does not seem
heights for the older pulsars. This also explains the namgw 0 be at play for some pulsars observed with LOFAR. Here,
of the profiles as the period increases (see §edt. 4.1), aird tWith a more statistically significant sample, we can disdhss

simulations successfully reproduce the observed numberMetter in more detail. Followirlg Thors 91) and in jvart
profile components (i.e. typicallNeomp < 5). The central lariMitra & Rankin (2002), we investigated double-peaketspu
components are then simply more internal and surrounded Bsgfiles and their component separation (see peak phasetsin C
the external ones coming from higher up in the magnetospheténd 6 of Table BI3). . _
this is why they show single peak profiles and steeper spectra Mitra & Rankin (2002) divided a group of double profile pul-
Younger pulsars have been observed to have simpler profi's into three groups The pulsars from groups A and B are asso
but typically with longer duty cycles than those of older sneCiated with outer cone emission (thefdrence between the two

i m_(2007) predicted that there shbald being afltwn_h or without the constraipg = Ppcs wherepg is the
a maximum height of emission of 1000 km. The minimum constant equivalent t8¢mi, from EqL11, relative to the beam ra-
height, on the other hand, is quite varied but is close to tH&IS, andoy is the beam radius at the polar cap edge) while the
maximum allowed for young pulsars, which then emit only frofulsars from group C are associated with inner cone emission
one or two patches. Because of the width depends on the perf@éithe ten pulsars of Mitra & Rankin (2002), the pulsars from
the opening angle of the cone would then be comparativé@lyr sample that fall inside each group are

larger at the same height for younger than for older pulsars. Group A: B030%19, B0525-21, and B123%#25
Group B: B0329-54 and B113316

Group C: B083406, B1604-00, and B191921.

5.1.1. Radius-to-frequency mapping Mitra & Rankin (2002) reported that pulsars from groups A and

B show RFM, while the pulsars from group C show almost
In the framework of the standard models for pulsar emissiafy evolution at all. Although the profile in our sample evsive
where the radio emission is predicted to come from the pol%{pidly at low frequency, it seems that a similar behavicam c
caps of the pulsar, it has been hypothesised [e.g. Komésaga observed (see single cases in Figl B.1).
11970 and Ruderman & Sutherland 1975) and in some cases obFigures3 and]7 show a similar calculation using. We
served|(Cordes 19178) that the emission cone widens as we gibtted the evolution ofyo as a function of observing frequency
serve it at lower frequencies because we are probing re@lions for the single-peaked pulsars and the histogram of the ispect
ther away from the stellar surface where the opening angfeeof indices of this evolution. We excluded the LBA and HBA pro-
closed magnetic field lines is broader. The phenomenon ie Mffes that showed significant scattering. The errors wereueal
apparent at low frequencies 00 MHz) and is therefore ideal|ated from the Gaussian fit, taking into account both the eois

to study using LOFAR. contribution and any unaccounted scattering of the profile.
A limited observational sample has always biased the cahough the values in Figl 3 seem to follow the power-law, the
clusions about RFM. Originally (e. ) it was profile width in some casedfectively behaves in a non-linear

thought that the RFM behaviour could be observed as a powsgy, as can be cross checked in [EIg]B.1 for the single cases.
law dependence of the increase in peak separation withatecre The weighted mean spectral index from [Eg. # is —0.1(2).

ing observing frequency, and asymptotically approachiogre Our results are compatible at-lwith the predictions made by
stant separation at high frequenciesGHz). It was therefore |Barnard & Arons [(1986): the component separation does not
proposed that two power laws (i.e. twofférent mechanisms) vary (no RFM,5 ~ 0.0), but the distribution in Fid.]7 peaks at
regulated the evolution of the pulse profile, with a break fr@egative spectral indices, which is evidence for a weak miite
quency at approximately 1 GHz. of the profile at low frequencies. Following the predictimfs
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cles are larger for growing number of peaks with frequenag, a
the number of peaks is ordered by colour, in the order white,
red, green, blue, and purple. In the histograms we summed the
pulsars separated by number of peaks in their profiles talsear
for trends as a function of either period arNo trends are ev-
ident in any of the histograms. Our sample does not cover the
region of young energetic pulsars in a statistically sigatifit
way so that while the few cases might confirm the predictidns o

i n_(2007), nothing in favour or disiav
can be stated in this respect.

w10 spectral index distri‘bution

Comparing the histograms from the two plots it appears, in
general, that the number of peaks changes from one band to the
other. For more clarity, we plotted the trend of the number of
peaks from HBAs to L-band in Fifi] 9. Here the triangles poigti
down (red) represent the pulsars that show fewer peaks at HBA
frequencies than at L-band: a total of 30 pulsars; and the one
. o o pointing up (blue) are those for which the number of peaks is
Fig. 7. Distribution of the indices of the power law used to computehigher at HBA frequencies than at L-band: 16 pulsars. Thergre
the evolution ofwyo across our frequency rangedg(v) o« . triangles pointing right represent the pulsars whose nurabe
peaks does not change between the two frequencies: 30qulsar

: ; ; here is a slight indication that faster-spinning pulsaaseha
Gil & KrawczyK (1996), the dependence ofo with observing ! , .
frequency based on their calculations shouldsbe —0.21 for higher number of peaks at L-band than at HBA frequenciesawhil

RFM and conal beams. This is in support of their model, whif8€ slower spinners have more peaks at HBA frequencies than a

the fact that we see a broad distribution and a flatter median +~Pand. The younger pulsars in general have more peaks at L-
dex might be explained by a subdivision of pulsar behavio nd than HBAs; the older have fewer peaks at L-band than at

according to the Rankin groups. For a future complete arsaly AS. In both cases the null hypothesis probability thattthe

geometry should be taken into account to perform a studyen fijStributions are the same based on the Kolmogorov-Srfiiro

N . isti j % confidence levid, a$
beam radii §) rather than the pulse widths. statistics cannot be rejected at the 20 : y a8l
An alternative but complementary explanation to the Olg_omted out by Lyne & Manchester (1988), might be a selection

served widening of pulsar profiles with decreasing obserfrie-  l€Ct OF a resolutionféect (as fast pulsars tend to have wider

guency can be found in the theory of birefringence of twitedi pulses that can be_resolved more easily), but given OUEHIz

ent propagation modes of a magneto-active plammn‘e(ﬁ can also tentatively assume that our sample includeansuls
). These two modes of propagation follow &etent path With different behaviours.

along the open field lines. The nature of birefringence ihsuc

that the two polarisations are spatially closer togethérigtter Additionally, a number of pulsars show an increase in the
frequencies, and depolarisation will occur where they layer number of components at HBA compared to L-band, which may
Beskin et al.|(19€8) predicted that the two modes of propagat ajso be explained at HBA frequencies by the general expentat
would result in two diferent indicess = —0.14 ands = -0.29  that a higher portion of the beam can come into view at lower
for the ordinary mode and = -0.5 for the extraordinary frequencies, according to RFM. On the other hand, the fastes
mode. While our observations are compatible with either segnd youngest pulsars show an opposite trend, similar to what
nario or a combination of them, polarisation studies willphe s also observed in millisecond pulsars (§ee_KondratieVlet a
discern between the two interpreta’[ions of this phenomm ), which are even faster and therefore have a wider duty_
1. 2015). cycle (see Fig[]5). A similar finding was also reported by
Hankins & Rickeit ((1986), who analysed the frequency depen-
dence of pulsar profiles for 12 pulsars in the 135-2380 MHz fre
guency range. They argued that the occurrence of singldgwofi
n.(2007) searched for a relation ®etw at low frequencies that become multiple at high frequencies
the number of peaks in the profile of a pulsar and some obseredexplained in the framework of the ‘core and cones’ modiels (
or derived parameters, such as its period, age, and raghgon the formulation of Ranklh 1993). In particular, this is exfsl
ergy loss. As a general trend, they found that faster, younge occur if we can only observe the core emission at low fre-
more energetic pulsars would typically show less complex prquencies, which is observed to typically have a steepetispagc
files, which prompted them to assume that the regions of emighile the outriding conal components only emerge at higher o
sion for these pulsars arise at higher altitudes in the mtagneserving frequency (see Kramer etlal. 1994 for arguments why
sphere and are, therefore, less numerous (sed.Séct. 5tablo this is caused by geometrical reasons and applies to inmker an
an abrupt change in this respect can be observPdal50ms, outer components regardless of their ‘nature’ as core oegpn
7 < 10°yr andE > 10%ergs™. A word of caution is needed here, related to how the number of
We calculated the same relations using our sample of 108aks was determined: it is possible that we achieved a good fi
pulsars and made the comparisons using LOFAR HBA band aondhe profile using a smaller number of Gaussians in HBAs rel-
the L-band data. Figurigl 8 shows the relation between the péve to L-band because the quality of the profile is lower and
riod of the pulsar and its spin-down agéor the two frequency so fewer components need be fit (for details on the method see
bands. Each circle represents a pulsar, and its colour @ma-di Sect[8, and the single cases can be studied by comparing Fig.
eter represent a fierent number of peaks of its profile. The cifB.J and Tabl&€Bl2).

5.1.2. Profile complexity
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22: ] Fig. 9. Spin-down age vs period for the pulsars whose profiles are not
1ok i affected by scattering in HBAs. Here the shape- and colourrgodip-
10° : - resent the dference of the number of peaks for each pulsar between
0O HBAs and L-band relative to the HBAs. In red (triangles dowarg the
® pulsars for which the number of peaks becomes smaller at HB#&s
\ % o itis in L-band, in blue (triangles up) are the pulsars for ethithe num-
07y o § o ° i i ber of peaks becomes higher at HBAs than it is in L-band, ampléen
®e °® o) (triangles right) are the pulsars for which the number ofkgedoes not
= o % ‘O°Q. change. At the top and on the right-hand sides the stackéaghésns
107 e o C’g ‘ 1r represent the trends of the number of peaks as a functiorriaichend
=) () . .
< ° % ®9 age of the pulsar, respectively.
2 %, : °
2 00 £ b _ .
o ° ® The DM represents the integrated column density of free
o electrons between the pulsar and the observer. It produces a
w0l delay in the signal, between the observing frequency andit&fi
o frequency, that can be approximated as
DM
101 0 10.0 10 20 30 Atpm = ___omeel S. (12)
Period (s) 2.41- 10 12

This approximation is valid if the plasma is tenuous and thus
Fig. 8. Spin-down age vs period in HBAs and at L-band for the pulsacollisionless and if the observing frequency is much grethzn
whose profiles are notli@cted by scattering in HBAs. The colour (ancthe plasma frequency and the electron gyrofrequency. Signa
symbol size) code for the number of peaks is whitered=2, greer:3,  (ifferent frequencies will be delayed, with the lowest freqigshc

blue=4, and violet- 4. The histograms at the sides represent the distfjging delayed the most. These delays can change on timescale
bution of these values as a function of spin-down age (ngbst his- of some years, up to Bem-3 pc (see e.@?@ﬂ).

f/?gii)ellgqi)niﬂz ?Lpr%et:lec?do(ftop-most histogram). From the pletsrand is When aligning the profiles absolutely as we did, connect-
peaks. . ; )

ing the reference point of the profile to the reference epoch
of the ephemeris, the DM delays had to be taken into ac-
count and all reference times converted to the correspond-
ing times at infinite frequency to correct for dispersiveayel
The interstellar mediumfects the pulse signal while it trav-Hankins & Rickeit|(1986) described a way to measure DM vari-
els towards the observer, and it strongly depends on obseatiens based on the alignment of pulsar profiles fiecknt fre-
ing frequency, with observations at low frequencies beimgen quencies._Hankins etlal. (1991) and Hankins & Rankin (2010)
strongly dfected by scattering and dispersion delay (see allowed this method using increasingly higher resolutin-
Zakharenko et &l. 2001.3). We here did not correct the profiles pfiles. They absolutely aligned the profiles spanning, whes p
sented for scatteringfiects that can smear out the signal espsible, all the octaves of radio frequency. Leaving the DMhees t
cially at LBA frequencies, but we considered tHeeet of intra- only free parameter, they identified a reference point inpttoe
channel dispersive smearing. file and adjusted the DM value to compensate for the remaining

5.2. External effects on profile evolution
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misalignment of the profiles. The value of the best DM was otike well-known ‘precursor’ in the case of B1822-09). This is
tained this way, its accuracy strongly depending on the toweot common in the standard core and cones geometries, even
frequency that can be used and on the precision with which theugh it is predicted that new components can come into ifiew
time difference of the misalignment can be measured. our viewing angle changes with increasing observing fraque
All the pulsars from our sample were aligned by refoldthus allowing us to see deeper into the beam. While this would
ing their profiles at all frequencies using the same ephamegxplain some of the cases, in some others the profile evalutio
The DM that was adopted for the alignment was the one otan hardly be ascribed to a symmetric core and conal steictur
tained from LOFAR HBA data: a first folding was performedsee e.g. BO35854, B0456-55, B1831-04, and B1857-26).
with prepfold using the new ephemeris created from the Lovell These narrowing profiles at low frequencies might be in-
data (see Sedil 3), but allowing for a search over DM valugsrpreted as evidence for fan beam models (Michel 1987). In
and then the best DM obtained from this search was includiggh beam models by Dyks etlal. (2010); Dyks & Rudak (2012,
in the ephemeris and the profile was dedeispersed once m@@5), for instance, the emission comes from elongateddbroa
without any search option. The same was done for the LBA abdnd streams that follow the magnetic field lines. The model,
the P- and L-band observations. Figure B1 shows that thé-mulfased on the cut angle at which the line of sight crosses tira pbe
frequency profiles are aligned in most cases. There were sataf explain the lack of RFM, for example, if the stream is very
cases, discussed in Selck. 3, where the alignment is vigibly harrow (also the case for millisecond pulsars), and it cam ex-
correct or where we had to apply an extra adjustment to DM jptain the ‘inverse’ RFM if there is spectral non-uniformétipng
compensate for a visiblefiset between the profiles (see Tabléhe azimuthal direction of the beam through which our line of
). sight cuts. The fan-beam formulation proposed by Wanglet al.
One possible cause for the misalignment is the evolution ) can even explain ‘regular’ RFM by assuming that a fan
the profile across the frequencies, so that it is not possiblebeam composed of a (small) number of sub-beams will produce
easily identify a fiducial point in the profile. In additionylsars a so-called ‘limb-darkening pattern’ that is caused by tke d
strongly dfected by scattering will not only have an exponentiakrease in intensity with beam radius of the emission at lighe
scattering tail, but also an absolute delay. Our profileraignt altitudes because the emission is farther from the magpeléc
seemed to also befacted by the significantly fierent observ- Their model, based on observations and simulations, geedic
ing epochs (e.g. the WSRT observations were performed metat the non-circularly bound beam fidirent in this from the
than ten years before LOFAR observations). On one hand, thisam predicted by the narrow-band models) can depart frem th
meant that we had to adopt a timing solution spanning a lorglationw « P~1/? (wherew is the measured width of the profile,
period of time, where timing noise and othéfieets can become see Seci. 411).
substantial. On the other hand, with observations so fatapa Chen & Wanp[(2014), who recently analysed the pulse width
might also be probing gradients in electron density. evolution with frequency of 150 pulsars from the EPN databas
In our case itis not yet possible to perform a systematicstugkached a similar conclusion: the emission must be broad-ba
of these variations, as was don@ow)- Nunetand the observed behaviour of width atfeient frequencies
less, LOFAR data can provide a new wealth of DM measurg-caused by spectral changes along the flux tube. They found
ments to be compared with previous observations to map that if the spectral index variation along pulse phase isrsgtn
evolution of the interstellar dispersion with time. A firsbre ric, there can be either canonical RFM or anti-RFM, while in
clusion that can be drawn from this, simply by comparing théases where there are substantial deviations from the sgmme
DM values in Tabl¢ Bl1, is that there is no significant indiat ric case, then there can be the non-monotonic trendggfith
of DMs being systematically higher at low frequencies (aste ,, which we also observed. This is supported theoretically by
at our measurement precision). Some authors/(e.g. Shi®#)1%he particle-in-cell simulations of pair production in th&cuum
have postulated “superdispersion” due to the sweepbackldf figaps [(Timokhir 2010), which predict that the secondarympias
lines in the pulsar magnetosphere, which would be r(-Z‘SliﬂﬂinSigoes not necessarily have a monotonic momentum spectrum.
for lower dispersion delays at low frequencies and couldtere  These results, and in particular the fact that a wide stream i
an observed profile misalignment over a wide observing bargpected to produce spectral variations longitudinallpapro-
We find that the ratio DMaa/DMepn ranges from 0.97 to 1.06 fjles, could also explain the observed behaviour of the patitsr
(see Tabld BI1), thus filering by a significant percentage inshown in Fig[®. Alternatively, the peak ratio changing woth-
some cases, but in both directions, thus not favouring slier seryving frequency and, in particular, its changing sigrghtbe
persion. This agrees with previous findings using LOFAR dafg|ated to the frequency dependance of the two modes of-polar
%ﬁaﬁlﬁl@iz) and previous measureménts (Hankals efsation (ordinary, ‘O, and extraordinary, *X") (e.g.. Staiet al.
). [2006) and to that they might beftiirently dominant in dierent
peaks. While it is not possible to give a comprehensive a@mly
5.3. Some examples of unexpected profile evolution of the phenomenon here, our studies on the polarised emissio
from pulsars with LOFAR (see Noutsos etlal. 2015) address the
Itis not in the scope of this initial paper to enter into muehadl questions related to the orthogonally polarised modes hed t
about the profile evolution of specific pulsars. These wiltle related jumps in the polarisation angle.
subject of future dedicated work. There are, however, sguer While in this section we have discussed some unexpected

teresting cases of pulse evolution that are worth pointingad profile evolution, it remains the case that most pulsar mEsfil

this time. (cf. Sects[ 411 arld5.3.1) are well described by RFM.
Figures[3 and]7 showed that there are some cases (e.g.

B1541+09, B1821-05, and B1822—-09, B22245) where the

width of the profile is observed to increase with increasibg og Summary and future work

serving frequency. If we compare these results with thelsing

profiles in Fig[B.1, we notice that in these cases this is@dudNe have presented the profiles of the first 100 pulsars obderve
by new peaks appearing in the profile at higher frequencigs (doy LOFAR in the frequency range 119-167 MHz. Twenty-six
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of them were also detected with 57 min integrations using L@feted, it will provide an extraordinary database of 1.5 fieze
FAR in the interval 15-63 MHz. All the LOFAR profiles pre-age of the whole northern sky with 0.49 ms time resolution and
sented in this work will be made available through the EP8bwn to a fluxSpi, ~ 6 mJy at 135 MHz. At present we are able
databagll. LOFAR observations were compared with archivab use the full LOFAR core instead of only the ‘Superterp’ and
WSRT or Lovell observations in P- and L-band, after first foldcan cover a full 80 MHz bandwidth contiguously. Moreover; fu
ing and aligning all profiles using an ephemeris spannindutte therimprovementswill include coherent dedispersion efdata
range of the observations. The rotational and derived petens and will enable single pulse studies to probe the ‘instatas’

are presented in Taldle B.1. Two values of DM were presentednaagnetosphere.

well: one obtained by the best timing flt.and one from t_he beSt%gknowledgementsMP wishes to thank A. Archibald, V. Beskin and J. Dyks
of LOFAR data. For each pulsar we aligned the profiles at difs useful discussion. We are grateful to an anonymouseefeihose comments
ferent frequencies in absolute phase, using the latter Dieva notably improved the quality of our work. This work was madesgible by
The 100 profiles are presented in Fig.]B.1. an NWO Dynamisering grant to ASTRON, with additional camitions from

Each profile of every pulsar was described using a mul =uropean Commission grant FP7-PEOPLE-2007-4-3-IRG-2248 JVL. LO-
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- . . AR, the Low-Frequency Array designed and constructed byRGN, has fa-
Gaussian fit following the approach of Kramer € 994), silities in several countries, that are owned by variougigmr(each with their

that in general more components were needed to fit the poen funding sources), and that are collectively operatedheyInternational
files than evident at first glance or traditionally considefe.g. LOFAR Telescope (ILT) foundation under a joint scientifidipp MP acknowl-

; ; ges financial support from the RAS, Autonomous Region afi§ia. JWTH,
@b)‘ The results of the Gaussian fit (the measu%( and JVL acknowledge support from the European Reseamim€ll under
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Appendix A: Determination of pulse widths

As discussed in the Sedis. 3 4.1, the widths of the fufllpribiat are to be used in the subsequent calculations wésendi@ed
from the fit of Gaussian components to the profile shape. Hewavnumber of alternative methods were also tested andhen o
case, used to cross check the widths obtained from the Gafitsi. Here we give a brief description of each of them.

We calculated thefeective width,weg, as the integrated pulsed flux divided by the peak flux; thiggesented by the cyan-
shaded areas in Fig_A.1 centred at the main peak. This widthatypically does not represent all the profile composevell, as
is observed in the P— and L—band profiles. The method undeedst the width of the profile for multi-peaked profiles, wfhis
the majority of profiles in this work, mainly characterisitig width of the main peak in these cases.

The total-power widthwpew is calculated as the phase interval that includes 90% obtlaéulse energy in the cumulative flux
distribution of the normalised profile (see lower plots ig.A.J). We selected the phase included in the interval betvéss of the
total flux and 95% of the total flux (indicated by the intergaeof the summed profile with the horizontal lines in pangldbFig.
[AJ). This distribution should start at 0 and increase momatally to 1 if no noise is present (see the noise-freeidistion on the
right side of FigCAl). When noise is present (left-hanesid Fig [A1), the sum does not grow smoothly, and sometinegative
terms in the €-pulse region add up quite substantially. In the real prefjleft-hand side of Fig—_Al1), the horizontal lines should
all overlap at 0.05 and 0.95, like they do in the case of theafiiee profiles (right-hand side of Fig._A.1), but theffeliin some
cases as they take into account that the highest and lowlest @ba noisy cumulative distribution can be negative oatgethan
1. As can be seen from the green (LBA) and magenta (P-band@surhen the profile is noisier, this measurement is legdesta
because the cumulative distribution oscillates more, ardaidth can be consistently overestimated (in these chseleft-hand
dashed line precedes the phase range shown in the Fig.)riEfti®d is represented by the dotted line in the upper plotgpA1,
which, in the case of the LBA and P-band profiles, starts as@lBa

The full-width at 10% of the maximumy,, represents the width of the full profile (including noisé}fze 10% level of the
outer components, including the full on-pulse region: itagncident with the solid vertical lines in Fig._A.1. It waalculated as
the on-pulse region with a flux above 10% of the main peak irbteeline-subtracted profile.
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Fig. A.1. PSR B111250: example of how the widths of the full profile were calcathusing the four methods described in the text. On the

left-hand side is the real profile. On the right-hand side,cfamparison, the noise-free profile obtained from the Gand#. In panel (a), the
shaded cyan area represemts. The dashed vertical lines represent.,, calculated as shown in panel (b): the cumulative distidipubf the

normalised profile. The solid line demarcates as obtained from the Gaussian smoothed profiles (which anegrsin panel (a), on the right).
The measurement afyq is consistent and overlapping witfy, (see text for details).
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ed profile properties.

Fig. B.1. Pulse profiles of the 100 pulsars observed by LOFAR, showiom bottom to top LBA (green) and HBA (blue) profiles from LORA
observations, 350 MHz (magenta) and 1400 MHz (red) profilesifWSRT and Lovell observations. We caution that the mogiunigars, for
which only one mode of pulsation is represented by our olsierv, might not be the same for the profiles dfatient frequencies. The profile
phase is zoomed-in on the interval 0.25 — 0.75 in all casespéXor the pulsars with interpulses, where the full pulsagghis shown, and the
profile is rotated by 0.25 in phase to shift the interpulsenfigthase 0. The star next to the band name indicates that grerednt for that band

was made manually (see text for details).
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Fig. B.7. Zoom-in on the @ - 0.5 phase longitude of the profile for the five pulsars in our dartigat have interpulses. The plots are scaled so
that each profile has the same r.m.s. and are renormaliskd peak of the interpulse at each frequency. In all cases LiBMNgs were removed

as their signal-to-noise ratio and their channel smearidgadt enable any estimate of the interpulse. The referehasgof the main pulse has
been shifted by 0.75, relative to the main plots, to placérttepulse at the centre of the plot.



Table B.1.List of the 100 pulsars and their rotational and derived patars.

PSR Name P P Epoch LBA Epoch HBA Epoch DMeph DMuga logr logB logE Notes
[s] [ss™] [MJID] [MJID] [MJID] [em —°pc] [em®pc] [yl [G] [s'erq]
BOO11+47  1.241 5647e-16 55316 55858 30.67(%) 30.3(5) 754 1193 3107 WES
B0031-07 0.943 408le-16 55857 56630 11.28(8) 10.9(4) 756 1180 3128 WES
JO0510423 0.355 W47e-18 49800 56318 13.9(#) 13.93(1) 890 1Q70 3Q79 LOTAAS®
BO0O59+65  1.679 5970e-15 56475 55859 65.85(2) 65.8(8) 665 1251 3170 EPN!
B0105+65  1.284 1292e-14 54578 55859 30.6(5) 30.6(2) 620 1262 3238 P- 2004
B0114+58  0.101 5346e-15 55829 55859 49.462(4) 49.42(1) 544 1189 3534 EPN
B0136+57  0.272 1069e-14 54589 55859 73.776(8) 73.83(1) 561 1224 3432 P-, L- 2004
B0138+59  1.223 10e-16 54266 55924 55859 34.744) 34.92(2) 770 1184 3093 P- 2004
B0301+19  1.388 1295e-15 55743 55859 15.851(9) 15.65(4) 723 1213 3128 WES
B0320+39  3.032 6358e-16 54125 55924 55859 25.99¢3) 26.19(1) 788 1215 2995 P- 2002
B0329+54  0.715 2046e-15 53850 55859 55859 26.7941%1) 26.7653¢1) 674 1209 3235 P- 2000
B0331+45  0.269 7331e-18 55899 55859 47.149(8) 47.15(1) 876 1065 3117 EPN
B0339%+53  1.934 1342e-14 55804 55859 67.28(8) 67.5(2) 636 1271 3186 WES
B0355+54  0.156 4395e-15 53813 55859 57.1226[8)  57.14(1) 575 1192 3466 P- 2008
B0402+61  0.595 5576e-15 56097 55859 65.303(%) 65.39(3) 623 1227 3302
B0410+69  0.391 7656e-17 54418 55859 27.471(4) 27.44(1) 791 1124 3170 P- 2004
B0447-12  0.438 1028e-16 55203 56568 37.04@3) 37.01(1) 783 1133 3168 P- 2008
B0450+55  0.341 2377e-15 54139 55924 55861 14.483t7)  14.59(7) 636 1196 3338 P-, L- 2004
B0450-18  0.549 5755e-15 55203 56603 39.903(8) 39.91(2) 618 1225 3314 P- 2004
B0523+11  0.354 T7362e-17 55202 56568 79.423(8) 79.43(4) 788 1121 3181 P- 2006
B0525+21  3.746 4004e-14 54457 55924 56596 50.962) 50.87(2) 617 1309 3148  P-2003, L-200%
B0540+23  0.246 1542e-14 54748 55859 77.631(3) 77.7(9) 540 1229 3461 P- 2006
B0609+37  0.298 5980e-17 54590 55859 27.136(4) 27.15(3) 790 1113 3195 P- 2006
B0611+22  0.335 S1le-14 55604 56681 96.94(%) 96.92(1) 495 1265 3479 WES
B0626+24  0.477 1985e-15 55071 55859 84.19(4) 84.18(3) 658 1199 3286 P- 2004
B0643+80  1.214 3799e-15 54855 55859 33.33(3) 33.3(1) 670 1234 3192 P- 2004
B0809+74  1.292 1660e-16 53508 56046 55916 5.733¢) 5.75(3) 809 1167 3048 WES
B0818-13  1.238 2105e-15 55507 56603 40.949(8) 40.98(1) 697 1221 3164 WES
B0820+02  0.865 1047e-16 55508 56301 23.717(8) 23.76(7) 812 1148 3081 WES
B0823+26  0.531 1679e-15 55419 55889 55966 19.4644) 19.4711¢«1) 670 1198 3265 WES
B0834+06  1.274 6799e-15 55507 55883 55881 12.891lt6) 12.8735¢1) 647 1247 3211 WES
B0906-17  0.402 6693e-16 54887 56603 15.885(4) 15.87(1) 698 1172 3261 WES
B0917+63  1.568 3608e-15 53883 55925 55860 13.218) 13.14(2) 684 1238 3157 EPN!
B0919+06  0.431 1372e-14 55870 56315 27.256(8) 27.3(1) 570 1239 3383 WES
B0943+10  1.098 3H46e-15 54226 55925 55869 15.2() 15.32(1) 669 1230 3202 EPN
B0950+08  0.253 2165e-16 51541 55889 56603 2.9618) 29696 1) 727 1137 3272 EPN
B1112:50 1.656 2493e-15 54121 55925 56233 9.202¢8) 9.18(1) 702 1231 3134 WES
B1133+16  1.188 3733e-15 56235 55925 55916 4.8611{1) 4.8262«1) 670 1233 3194 WES
B1237+25  1.382 9%96e-16 46498 55925 55860 9.254¢6) 9.25381) 736 1207 3116 WES
J1238-21 1.119 1445e-15 55507 55860 173 17.97(3) 709 1211 3161
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Table B.1.Continued.

PSR Name P P Epoch LBAEpoch HBAEpoch  DMgpy® DMyga logr logB logE Notes

[s] [ss'] (MJD] (MJD] [MJD] [em ~*pc] [em*pc] yl [G] [s'erg]
J1313-0931 0.849 &00e-16 50984 55860 12.0(®) 12.05(2) 723 1192 3171
B1322+83  0.670 5675e-16 53763 55860 13.3(3) 13.31(3) 727 1180 3187 WEZ
B1508+55  0.740 5007e-15 55168 55906 55860 19.59) 19.6179¢1) 637 1229 3269 WEZ
B1530+27  1.125 7791e-16 56508 55859 14.76(%) 14.7(2) 736 1198 3133 WES
B1540-06  0.709 8310e-16 55962 55892 56605 18.403fk) 18.3788¢1) 711 1190 3199 WES
B1541+09  0.748 4328e-16 55508 55892 55859 35.24i3) 34.97(3) 744 1176 3161 WES
B1604-00  0.422 3063e-16 54696 55892 56346 10.687th)  10.69(1) 734 1156 3221 WES
B1612+07  1.207 2360e-15 55508 56354 21.39(3) 21.41(1) 691 1223 3172 WES
J1627%1419 0.491 D30e-16 48957 55859 33.8(6) 32.18(9) 730 1165 3212
B1633+24  0.491 1192e-16 55508 56517 55859 24.33{%) 24.27(1) 781 1139 3160 EPN
B1642-03  0.388 1770e-15 55643 56605 35.738(8) 35.75561) 654 1192 3308 WES
J1645-1012 0.411 &03e-17 52814 56276 36.4(6) 36.18(3) 790 1127 3167
J1652-2651 0.916 @&42e-16 55507 55860 41.0(8) 40.79(2) 735 1189 3153 WES
B1737+13  0.803 144le-15 55507 55870 48.672(4)  48.67(1) 695 1204 3204 WES
B1749-28  0.563 8&00e-15 54111 56606 50.39(8) 50.38(1) 605 1233 3325 WES
B1818-04  0.598 6347e-15 56445 56606 84.42(3) 84.34(3) 617 1229 3307 WES
B1821+05 0.753 267e-16 55508 56286 66.777(8) 66.79(2) 772 1162 3132 LOTAAS
B1822-09  0.769 5249e-14 56183 55892 56605 19.36/{4) 19.36(2) 537 1281 3366 WES
B1831-04  0.290 7250e-17 55508 56605 79.302(8) 79.39(4) 780 1117 3207 WES
B1839+09  0.381 1089e-15 55541 55870 49.145(8) 49.1501«1) 674 1181 3289 WES
B1839%+56  1.653 1495e-15 55508 55892 55870 26.71{1) 26.7540¢1) 724 1220 3112 WES
B1842+14  0.375 1873e-15 55817 55864 55870 41.5128h)  41.48(1) 650 1193 3315 WES
B1848+12  1.205 1137e-14 55835 56276 70.61(3) 70.6(8) 623 1257 3241 LOTAAS’ WES
B1848+13  0.346 1493e-15 55508 56276 60.149(8) 60.1(1) 656 1186 3315 LOTAAS’ EPN
B1857-26  0.612 2050e-16 55508 55870 37.993(8) 37.92(3) 768 1155 3155 WES
B1905+39  1.236 $408e-16 55507 55870 30.96(8) 30.98(5) 756 1192 3105 WES
B1907+00 1.017 5513e-15 55770 56354 112.776(8) 113(1) 647 1238 3232 LOTAAS’ WES
B1907+02  0.990 $492e-15 53773 56339 171.722(9) 172(1) 646 1237 3235 LOTAAS’ WES
B1907+10  0.284 2644e-15 55729 55870 149.756(4)  149.9(1) 623 1194 3366 WES'
B1911-04  0.826 4069e-15 55705 56354 89.38() 89.38(3) 651 1227 3246 LOTAAS® WES
B1914+09  0.270 2518e-15 55931 55870 60.981(8) 61.01(6) 623 1192 3370 WES
B1915+13  0.195 7194e-15 55745 55870 94.54(4) 94.65(3) 563 1208 3459 WES!
B191700  1.272 7675e-15 55695 56354 90.27(®) 90(1) G642 1250 3217 LOTAAS’ WES
B1918+26  0.786 3Alde-17 54142 55870 27.68(9) 27.7(1) 856 1122 3044 EPN!
B1919+21  1.337 1349e-15 55969 55860 55859 12.4632¢1) 12.4453¢1) 720 1213 3135 WES
B1920+21  1.078 8169e-15 55507 55859 217.08(3) 217.0(1) 632 1248 3241 WES
B1923+04  1.074 2459e-15 55445 56339 102.24(8) 102.2(9) 684 1222 3189 LOTAAS® WES
B1929+10  0.227 1157e-15 55830 55913 55859 3.178¢4) 3.18(1) 649 1171 3359 WES!

B1953+t50  0.519 1374e-15 55508 55864 55858 31.97488)  31.98(1) 678 1193 3259 EPN!
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Table B.1.Continued.

PSR Name P P Epoch LBAEpoch HBAEpoch  DMgpy® DMyga logr logB logE Notes
[s] [ss'] (MJD] (MJD] [MJD] [em ~*pc] [em*pc] yl [G] [s'erg]

B2021+51  0.529 3066e-15 55889 55858 22.634(8) 22.55(1) 644 1211 3291 WES

B2022+50 0.373 2515e-15 55507 55859 33.036(3) 33.0(2) 637 1199 3328 WES

B2043-04  1.547 1471e-15 55311 56324 35.81(%) 36(1) 722 1218 3120 WES

B2044+15  1.138 1823e-16 55507 56293 39.86(1) 39.8(1) 800 1166 3069 LOTAAS’,P-2004

B2106+44  0.415 8606e-17 55855 56602 139.83(%) 140(1) 788 1128 3168 WES

B2110+27  1.203 2623e-15 55424 56602 25.119(4) 25.1(1) 686 1225 3177 WES

B2113+14  0.440 2895e-16 55696 55859 56.15(%) 56.2(1) 738 1156 3213 WES

B2122+13  0.694 T7677e-16 55507 56332 30.1(1) 30.3(2) 716 1187 3196 LOTAAS EPN

B2148+63  0.380 1707e-16 55769 55858 129.704(1)  129.7(2) 755 1141 3209 WES

B2154+40  1.525 3A39%e-15 55334 55858 70.86(1) 71.14(6) 685 1237 3158 WES

B2217+47  0.538 2767e-15 56228 55860 55858 43.491) 43.4811¢1) 649 1209 3284 WES

B2224+65 0.683 %47e-15 55964 55858 36.08(9) 36.33(5) 605 1241 3308 WES >

B2227+61  0.443 2255e-15 55859 55858 124.62(3) 124.7(1) 649 1200 3301 WES! N

J2248-0101 0.477 @&96e-16 56405 56304 29.06(3) 29.1(4) 706 1175 3238 LOTAAS’ WES 5

J2253-1516 0.792 @53e-17 49079 56354 29.182(9) 29(1) 828 1137 3Q72 LOTAAS a

B2255+58  0.368 5749e-15 55671 55858 151.082(8)  151.2(1) 601 1217 3366 WES S

B2303+30 1.576 2893e-15 54584 55892 55858 49.56/{) 49.58(5) 694 1233 3147 WES oy

B2306+55  0.475 1995e-16 55384 55858 46.535(8) 46.54(2) 758 1149 3187 WES B

B2310+42  0.349 1123e-16 54363 55860 56606 17.2744)  17.27(1) 769 1130 3202 EPN =1

B2315+21  1.445 1047e-15 56407 55858 20.874(%) 20.87(6) 734 1210 3114 P- 2004 2

B2334+61  0.495 1933e-13 55508 55858 58.41 (%) 58.43(3) 461 1300 3480 WES <
Notes.® For each DM measurement and its error we quote the refereammerypl, 2, 3, 4, 5, 6, 7, and 8% Observations from the LOTAAS survey (Coenen éfal. 20¥4)ear of the P- %-

andor L-band data from WSRT observations. L-band data werdmddarom Lovell observations in all but the three cases wiike year of the WSRT observations is indicated. All the heba_g
observations using the Lovell telescope were performeddsst October 2011 and November 20¥3Where P-band data were available from Weltevredelet al 5@t no absolute referencep,
was available to align the data with LOFAR data, referengeasle to their paper a4 ES and the corresponding profile in F[g.B.1 was aligned by ege.cémpleteness, where the pulsar was
not inWES, thenEPN indicates that the profile in P-band was obtained from the R&lSar database and was also only aligned by eye. In this ke, the observations are not later than 2002.
In the cases where nothing is specified, for the P-band tHéei®either missing in all the databases used here or thelLdata were used and the profile aligned with the standardepiure as
described in the text.

References(1JHobbs et al[(2004); (2) Sayer el al. (1997);[(3) Hassallld2012); (4] Janssen & Stappers (4006){(5) Lommenl€2@00); (6] Lewandowski et Al. (2004); (7) Hamilton & Lyne
(1987); (8) Camilo & Nick[(1995).
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Table B.2. Width of the full profile and duty cycle. For each pulsar (Col. 1) at each observing band (Col. 2), sténiCol. 3 the full width at
half maximum,uwso, in Col. 4 the width of the full profile calculated as, (see text for details and Fig.-A.1), an d in Col. 5 is the dutyleyf the
pulse,wio/P, indicated as percent age of the total profile. In the lastdelomns we list the spectral indicé®f the evolution ofwsy andw;o with
observing frequency, modelled a$v) « »°. In all cases the statistical error is quoted in parenthesese last digit. Pulsars with an interpulse
are marked with the notation (IP) next to their names. Wheagtering &ects the HB A measurement, no spectrum was produced (s€g féig.
reference).

PSR Name Band wsg w10 w1o/P 050 010
[deg] [deg] %

B0011+47 ~0.16(8)  0.04(7)
HBA  22(1) 43(3)  12.1(9)
P 21(4) 38(2)  10.6(7)

L 15.8(3) 44.7(6) 12.4(1)

B0031-07 -0.46(6) -0.12(3)
HBA 26(2) 45(3) 12.5(8)
P 21.1(4) 39.9(4) 11.1(2)
L 11.3(3) 34.5(3) 9.6(1)

JO051-0423 —(-) —(-)
HBA  15.5(3) 36.6(5) 10.2(2)

B0059+65 -0.08(9) -0.15(7)
HBA  2(1) 26(1) 7.4(5)
P 18.3(8) 24(2) 6.8(6)
L 16.2(3) 19.4(3) 5.38(9)

B0105+65 -0.07(9) 0.01(9)
HBA 8.4(6) 16(1) 4.5(4)
P 4(1) 15(1) 4.3(3)
L 7.0(3) 16.2(4) 4.5(2)

B0114+58 —(-) —(-)
HBA scattered
P 10(2) 31(2) 8.8(6)
L 10(1) 16.5(7) 4.6(2)

B0136+57 —(=) —(-)
HBA scattered
P 4(1) 9(2) 2.7(3)
L 4(1) 9(2) 2.7(3)

B0138+59 0.3(6) —0.04(3)
LBA 5.6(7) 50(4) 14(1)
HBA 5.6(3) 32(1) 9.1(3)
P 8(1) 31(2) 8.6(3)
L 12.3(3) 32.7(5) 9.1(1)

B0301+19 -0.21(5) -0.18(4)

HBA  17.6(6) 22.5(6) 6.3(1)
P 15.3(6) 15.5(6) 4.3(2)
L 10.9(3) 14.8(3) 4.11(9)
B0320+39 0.1(1) 0.05(4)
LBA 8(2) 15(2) 4.2(6)
HBA 4.6(3) 9.8(3) 2.73(9)
P 4(1) 8(1) 2.4(3)
L 6.7(8) 11.6(3) 3.23(9)
B0329+54 0.1(1) -0.09(2)
LBA scattered
HBA 8.8(3) 32.7(3) 9.08(9)

P 2(1) 29(1)  8.2(3)
L 1.4(3) 26.8(3) 7.45(9)
B0331+45 ~0.9(3) -0.4(1)
HBA  5(2) 19(2)  5.5(7)

P 76090  17(1)  4.7(3)
L 1.8(3)  9.9(4) 27(1)
B0339+53 ~0.2(1) -0.3(1)
HBA  7.7(6) 16.2(7) 4.5(2)
P 7(1) 11(1)  3.1(3)
L 53(5) 8.4(7)  2.3(2)
B0355+54 0.1(4)  0.09(3)




Table B.2.Continued.
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PSR Name Band Wws0 w10 wlo/P (550 510
[deg] [deg] %

HBA  13.0(4) 30.2(8) 8.4(2)
P 5(1) 18(12) 5.1(3)
L 16.2(3) 35.5(3) 9.87(9)

B0402+61 -0.8(1) -0.23(5)
HBA 16(1) 28(1) 7.8(3)
P 3.5(9) 15.5(6) 4.3(2)
L 2.8(3) 14.8(3) 4.11(9)

B0410+69 -0.4(4) -0.4(1)
HBA 5(2) 19(2) 5.5(7)
P 2(2) 12(2) 3.5(3)
L 2.1(3) 8.4(8) 2.3(2)

B0447-12 0.8(1) 0.1(2)
HBA 2.8(2) 25(2) 7.0(7)
P 12(1) 23(1) 6.7(3)
L 20(2) 27(1) 7.7(5)

B0450+55 0.1(1) -0.07(5)
LBA 5(2) 39(4) 10(1)
HBA 25(4) 39(2) 10.9(7)
P 8(1) 28(2) 7.8(6)
L 17.9(3) 31.0(3) 8.6(9)

B0450-18 -0.1(2) -0.1(1)
HBA 21(2) 32(2) 9.0(7)
P 16(1) 22(1) 6.3(3)
L 16(1) 22(1) 6.3(3)

B0523+11 —(=) —(-)
HBA scattered
P 13(1) 21(1) 5.9(3)
L 13.4(3) 17.2(3) 4.79(9)

B0525+21 -0.17(6) -0.12(6)
LBA 25(1) 28(2) 8.0(6)
HBA  21.3(1) 25.3(2) 7.03(4)
P 16(1) 21(1) 5.9(3)
L 14(1) 19(1) 5.5(3)

B0540+23 —(=) —(-)
HBA scattered
P 7(2) 23(2) 6.7(3)
L 7.4(3) 24.6(3) 6.84(9)

B0609+37 0.1(2) -0.23(8)
HBA 2(2) 30(2) 8.6(7)
P 4.5(3) 24(1) 6.7(3)
L 4.9(3) 17.9(4) 5.0(1)

B0611+22 —(-) —(-)
HBA scattered
P 5(2) 14(1) 3.9(4)
L 6.7(3) 14.1(3) 3.91(9)

B0626+24 —(=) —(-)
HBA 7(2) 23(2) 6.6(4)
P 5(1) 14(2) 3.9(3)
L 9.9(3) 17.2(3)  4.79(9)

B0643+80 -0.3(0) -0.2(1)
HBA 4.9(6) 9(1) 2.7(3)
P 1(1) 11(2) 3.1(3)
L 2.5(3) 6.7(3) 1.86(9)

B0809+74 -0.32(1) -0.17(1)
LBA 33.4(3) 52.7(9) 14.6(2)
HBA 12.3(3) 29.5(3) 8.2(1)
P 12.1(2) 25.6(2) 7.1(6)
L 14.4(3) 26.4(3) 7.33(9)

B0818-13 0.0(1) -0.06(6)
HBA 4.9(6) 10.5(6) 2.9(1)
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Table B.2.Continued.

PSR Name Band wsg w10 w1o/P 050 610
[deg] [deg] %

P 62(1) 9.8(1) 2.71(3)
L 6.03)  9.1(3)  2.54(9)
B0820+02 ~0.17(9) -0.12(6)
HBA  12(1) 19(1)  5.5(3)
P 9.2(3) 14.3(3)  3.98(9)
L 7.7(3)  13.0(3) 3.62(9)
B0823+26 (IP) ~0.39(8) -0.47(6)
LBA 10.5(3) 34(2)  9.7(7)
HBA  4(1) 12(1)  3.5(3)
P 3.3(7) 9.2(7)  2.6(2)
L 2.8(3) 6.03) 1.66(9)
B0834+06 ~0.05(4) -0.16(2)
LBA 7.7(3) 15.5(3)  4.3(9)
HBA 6.03) 13.7(3) 3.81(9)
P 6.4(1)  8.8(1) 2.44(3)
L 6.7(3)  8.7(3)  2.41(9)

B0906-17 0.0(3) -0.06(8)
HBA  2(2) 25(2)  7.0(7)
P 6(1) 19(1)  5.5(3)
L 6.7(3) 20.1(4)  5.6(1)

B0917+63 ~0.18(7) -0.21(5)

LBA  14(2) 20(2)  5.7(7)
HBA 9.8(6) 14.1(6) 3.9(1)
P 7(2) 11(1)  3.3(4)
L 6.7(3)  8.8(3)  2.44(9)
B0919+06 ~0.0(1) -0.31(3)
HBA  4.6(3) 22.9(3) 6.350)
P 8.2(6) 19.2(6)  5.3(1)
L 42(3) 10.9(3) 3.03(9)
B0943+10 0.3(1) -0.18(3)
LBA  6.3(6) 26.08) 7.2(2)
HBA  7.0(6) 20.4(6) 5.7(1)
P 13(1) 23(3)  6.6(8)
L 720  13.4(4)  3.7(0)
B0950+08 (IP) ~0.31(2) -0.22(2)
LBA 33.0(3) 65(1) 18.1(4)
HBA  16(5) 50(5)  14(1)
P 123(7) 285(7) 7.9(2)
L 11.6(3) 29.2(4) 8.1(1)
B1112+50 0.1(1) -0.08(6)
LBA 4.2(9)  12(1)  3.5(4)
HBA 4.2(6) 9.8(6)  2.7(1)
P 2.9(6) 7.1(6)  2.0(1)
L 53(3)  8.4(3) 2.3509)
B1133+16 ~0.16(3) -0.17(2)
LBA 14.1(3) 18.3(3) 5.08(9)
HBA 10.9(3) 14.1(3) 3.91(9)
P 9.8(1) 12.7(1) 3.52(3)
L 1.4(3)  8.8(3)  2.44(9)
B1237+25 0.2(1) -0.15(2)
LBA  1.4(6) 22.5(6) 6.3(1)
HBA 1.8(3) 17.6(3) 4.88(9)
P 124(7) 14.6(7) 4.1(1)
L 10.9(3) 13.0(3) 3.62(9)
J1238-21 0.4(4)  0.0(1)
HBA  1.4(6) 9.8(6) 2.7(1)
L 3.2(4)  10(1)  2.8(3)
J1313-0931 - —=)
HBA  4(1) 8(1) 2.3(3)
B1322+83 ~0.0(1) -0.07(9)
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PSR Name Band Wws0 w10 wlo/P (550 510
[deg] [deg] %

HBA 11(2) 22(1) 6.3(3)
P 8(1) 22(1) 6.4(5)
L 10.2(5) 19(1) 5.3(3)

B1508+55 0.37(8) 0.07(4)
LBA scattered
HBA 4.2(3) 9.5(3) 2.64(9)
P 4.6(1) 12.6(1) 3.49(2)
L 8.1(3) 12.3(3) 3.42(9)

B1530+27 -0.42(9) -0.23(5)
HBA  12.0(6) 20.4(8) 5.7(2)
P 8(1) 15.1(7) 4.2(2)
L 4.6(3) 12.0(3) 3.3(1)

B1540-06 -0.2(1) -0.06(7)
LBA 7(1) 18(3) 5.1(8)
HBA 2(2) 11(1) 3.1(3)
P 3.3(2) 8.3(2) 2.31(5)
L 2.8(3) 8.8(3) 2.44(9)

B1541+09 0.52(2) 0.44(4)
LBA scattered
HBA  18.6(3) 36.6(5) 10.2(2)
P 17(3) 71(3) 19(1)
L 61(1) 97(3) 26(1)

B1604-00 -0.1(6) -0.04(4)
LBA 8(2) 11(2) 3.1(6)
HBA 9.5(3) 14.1(3) 3.91(9)
P 10.5(6) 15.4(6) 4.3(2)
L 7.4(3) 12.7(3) 3.52(9)

B1612+07 -0.0(4) -0.0(2)
HBA 1.4(6) 7.0(6) 2.0(1)
P 2.3(7) 7.7(8) 2.1(2)
L 1.8(3) 6.7(4) 1.9(2)

J1627%41419 —(-) —(-)
HBA 23(2) 32(5) 8(1)

B1633+24 -0.1(1) -0.5(7)
LBA 14(2) 18(2) 5.1(7)
HBA 8(2) 28(2) 7.8(7)
P 9(1) 33(2) 9.4(7)
L 9(2) 20.1(4) 5.6(1)

B1642-03 0.1(1) 0.17(5)
HBA 2.8(3) 7.7(3) 2.15(9)
P 3.0(1) 6.3(1) 1.74(5)
L 3.5(3) 10.2(3) 2.83(9)

J1645-1012 -0.2(2) -0.1(2)
HBA 9(2) 18(1) 5.1(3)
L 6(1) 16(2) 4.5(6)

J1652-2651 -0.17(8) -0.16(7)
HBA 16(1) 21(1) 5.9(3)
P 14(2) 16(2) 4.7(2)
L 11.6(3) 14.4(4) 4.0(1)

B1737+13 0.2(2) -0.02(7)
HBA 5(1) 19(2) 5.5(3)
P 13.8(5) 22(1) 6.3(3)
L 13(1) 19.7(7) 5.5(2)

B1749-28 -0.3(1) -0.25(5)
HBA 6.0(3) 12.03) 3.32(9)
P 4.2(1) 8.0(1) 2.22(3)
L 3.5(3) 7.4(3) 2.05(9)

B1818-04 —(=) —(-)
HBA scattered
P 5.9(7) 16.3(7) 4.5(1)
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PSR Name Band Wws0 w10 wlo/P (550 510
[deg] [deg] %

L 6.0(3) 11.3(3) 3.13(9)

B1821+05 0.95(9) 0.49(4)
HBA 3.5(3) 8.8(3) 2.44(9)
P 3.2(3) 19.3(8) 5.4(2)
L 22.5(3) 28.9(5) 8.0(1)

B1822-09 (IP) -0.2(2) 0.4(2)
LBA 8(1) 33(2) 9.4(6)
HBA 4(1) 9(2) 2.7(3)
P 4(1) 9(2) 2.6(5)
L 4.2(3) 21.5(3) 5.96(9)

B1831-04 —(-) -(-)
HBA scattered
P 50(7)  122(15)  34(4)
L 108(2) 132.0(9) 36.7(2)

B1839+09 0.3(2) -0.0(2)
HBA  8(2) 19(2) 5.5(7)
P 3.9(7) 13.2(8) 3.7(2)
L 8.8(3) 14.8(9) 4.1(2)

B1839+56 0.4(1) 0.21(6)
LBA 2.1(6) 5.6(6) 1.6(1)
HBA 1.8(3) 3.5(3) 0.98(9)
P 4.3(8) 11.4(6) 3.2(2)
L 6.3(3) 9.9(3) 2.74(9)

B1842+14 0.19(6) 0.12(4)
LBA scattered
HBA  33.8(3) 61.9(3) 17.19(9)
P 6.7(5) 12.0(5) 3.3(2)
L 7.7(3)  12.4(3)  3.44(9)

B1848+12 -0.2(2) -0.3(1)
HBA 4.2(6) 11(1) 3.3(3)
P 2.4(4) 5.4(4) 1.5(1)
L 2.8(3) 6.0(5) 1.7(1)

B1848+13 -0.2(2) -0.2(1)
HBA  8(2) 19(2) 5.5(7)
P 5(2) 14(2) 4.1(6)
L 4.9(3) 12.0(4) 3.3(1)

B1857-26 —(=) —(-)
HBA scattered
P 19.3(9) 39.6(9) 11.0(2)
L 30.3(3) 37.0(4) 10.3(2)

B1905+39 -0.11(4) -0.14(6)
HBA  19.7(6) 26.0(9) 7.2(2)
P 16.5(7) 20.1(7) 5.6(1)
L 15.1(3) 19(1) 5.5(3)

B1907+00 —(=) —(-)
HBA scattered
P 1.7(4) 3.9(4) 1.1(2)
L 1.8(3) 8.8(7) 2.4(1)

B1907-02 —(-) —(-)
HBA scattered
P 2.7(8) 9.9(8) 2.7(2)
L 2.1(3) 12(1) 3.4(2)

B1907+10 -(-) —(-)
HBA scattered
P 57(5) 15.6(5)  4.3(1)
L 6.0(3) 16.9(3) 4.69(9)

B1911-04 —-) —(-)
HBA scattered
P 2.95(9) 5.71(9) 1.59(2)
L 3.2(3) 7.03) 1.95(9)
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PSR Name Band Wws0 w10 wlo/P (550 510
[deg] [deg] %

B1914+09 —(=) —(-)
HBA scattered
P 4(1) 13(1) 3.6(5)
L 12.0(3) 16.9(9) 4.7(2)

B1915+13 —(-) —(-)
HBA scattered
P 4(1) 14(1) 4.1(3)
L 7.4(3) 15.5(3) 4.3(9)

B1917+00 —(-) —(-)
HBA scattered
P 1.4(6) 9.1(6) 2.5(2)
L 1.4(3) 10.2(3) 2.83(9)

B1918+26 -0.1(2) -0.2(1)
HBA 1(1) 9(2) 2.7(3)
P 7.5(7) 11(2) 3.1(5)
L 6.0(6) 7.4(3) 2.1(1)

B1919+21 0.11(5) -0.02(3)
LBA 5.3(3) 11.3(3) 3.13(9)
HBA 7.0(3) 10.2(3) 2.83(9)
P 7.0(6) 9.8(6) 2.7(2)
L 8.4(3) 10.6(3) 2.93(9)

B1920+21 —(-) —(-)
HBA scattered
P 2.7(6) 13.0(6) 3.6(2)
L 5.3(3) 17.2(5) 4.8(1)

B1923+04 -0.3(1) -0.15(9)
HBA 9.1(9) 13(1) 3.7(3)
P 4.9(7) 10.7(7) 3.0(2)
L 4.2(3) 9.1(3) 2.54(9)

B1929+10 (IP) 0.13(8) -0.18(3)
LBA  11(5) 50(7) 14(2)
HBA 6.3(4) 28.1(9) 7.8(2)
P 9(2) 21.8(3) 6.06(9)
L 8.8(3) 17.9(3) 4.99(9)

B1953+50 -0.2(1) -0.13(5)
LBA 16(4) 14(3) 3(2)
HBA 3.2(3) 10.9(3) 3.03(9)
P 2(2) 6(1) 1.9(3)
L 3.2(3) 8.1(3) 2.25(9)

B2021+51 0.3(1) -0.22(5)
HBA 5(2) 25(1) 7.0(3)
P 45() 21.2(5) 5.9(1)
L 8.1(3) 15.8(3) 4.4(9)

B2022+50 (IP) -0.4(4) -0.5(2)
HBA 5(2) 22(3) 6(1)
P 4(2) 14(2) 4.0(5)
L 2.5(3) 8.1(3) 2.25(9)

B2043-04 -0.1(1) -0.0(2)
HBA  4(1) 9(1) 2.5(4)
P 4.2(3) 7.6(3) 2.1(2)
L 3.9(3) 7.7(3) 2.15(9)

B2044+15 0.1(3) -0.07(7)
HBA 2.1(6) 9(2) 2.7(3)
P 2.8(9) 16.9(6) 4.7(1)
L 2.8(3) 14.1(3) 3.91(9)

B2106+44 -(-) —(-)
HBA scattered
P 18(3) 50(3) 14.0(9)
L 21.1(3) 31.7(3) 8.8(9)

B2110+27 -0.3(2) -0.2(1)
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PSR Name Band Wws0 w10 wlo/P (550 510
[deg] [deg] %

HBA 3.5(6) 6.3(6) 1.8(1)
P 3.3(3) 6.3(3) 1.74(9)
L 1.8(3) 4.6(3) 1.27(9)

B2113+14 —(-) —(=)
HBA scattered
P 6(1) 14(1) 3.9(5)
L 7.0(3) 19(2) 5.3(3)

B2122+13 -0.2(2) -0.2(1)
HBA 1(5) 22(2) 6.2(6)
P 15(2) 16(2) 4.7(6)
L 11.6(3) 14(1) 4.1(3)

B2148+63 —(-) —(-)
HBA scattered
P 18(1) 31(2) 8.8(3)
L 11.3(3) 19.0(3) 5.28(9)

B2154+40 —(=) —(-)
HBA 7.4(3) 33(1) 9.4(3)
P 8.5(7) 26.4(7) 7.3(2)
L 14.8(3) 23.9(3) 6.65(9)

B221 747 0.1(1) 0.1(5)
LBA scattered
HBA 4.6(3) 9.1(3) 2.54(9)
P 4.7(2) 8.8(2) 2.44(7)
L 5.3(3) 11.3(3) 3.13(9)

B2224+65 0.48(3) 0.22(4)
HBA 11.6(3) 22.9(9) 6.3(2)
P 7(2) 48(2) 13.3(6)
L 34.5(3) 44.0(4) 12.2(1)

B2227+61 -(-) —(-)
HBA scattered
P 20(1) 26(1) 7.4(3)
L 2.8(3) 23(1) 6.6(3)

J2248-0101 -(-) —(-)
HBA scattered
P 7.4(8) 13(1) 3.6(3)
L 6.3(3) 13(1) 3.7(2)

J2253-1516 —(=) —(-)
HBA 2.1(7) 22(2) 6.3(6)

B2255+58 —(=) —(-)
HBA scattered
P 6(1) 24(1) 6.7(4)
L 9.1(3) 20.4(3) 5.67(9)

B2303+30 -0.2(1) -0.2(6)
LBA 5(2) 11(2) 3.3(6)
HBA 56(3) 12.3(5) 3.4(1)
P 4.5(2) 8.1(2) 2.26(7)
L 3.2(3) 7.4(3) 2.05(9)

B2306+55 0.43(7) -0.14(2)
HBA 4.9(3) 30.6(4) 8.5(1)
P 20(2) 24(1) 6.8(4)
L 16.9(3) 22.2(4) 6.2(1)

B2310+42 0.07(5) -0.07(3)
HBA scattered
HBA 8.4(3) 18.3(3) 5.08(9)
P 8(1) 13(2) 3.9(2)
L 9.9(3) 15.5(3) 4.3(9)

B2315+21 -0.1(1) -0.0(1)
HBA  5.6(6) 7.7(6) 2.1(1)
P 2(2) 7(2) 2.0(3)
L 4.2(3) 7.03) 1.96(9)
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Table B.2.Continued.

PSR Name Band Wws0 w10 wio/P 050 010
[deq] [deg] %
B2334161 05(1)  0.0(0)
HBA  8(2) 25(2)  7.0(7)
P 8.1(8) 22(2)  6.2(7)
L 17.24) 25(1)  7.1(3)
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Table B.3. Peak ratios For pulsars with double and multiple peaks (Col. 1), forrefiequency band (Col. 2) the amplitudes of the two most
prominent peaks normalised to the amplitude of the main pédhe profile are indicate d (Cols. 3 and 4), ordered by spasph (Cols. 5 and
6), and their r atio PZP1 (Col. 7). The horizontal line in the table marks the chamegveen previously studied cas es and new (as irf{Fig. 6).

PSR Name Band P1 P2 ¢1 ¢ P2/P1

B0059+65 HBA 0.28 096 0.47 052 341
P 096 0.64 048 0.52 0.66

L 099 0.75 048 052 0.77

B0301+19 HBA 1.00 0.67 0.48 0.52 0.68
P 0.89 1.00 048 052 1.12

L 0.66 0.98 049 051 149

B0320+39 LBA 057 068 048 050 1.19
HBA 054 0.79 049 050 1.46

L 095 0.32 050 051 0.33

B0329+54 HBA 1.00 0.12 050 0.53 0.12
P 1.00 0.16 050 053 0.17

L 0.99 0.30 050 052 0.30

B0525+21 LBA 0.87 0.70 052 0.58 0.80
HBA 099 0.75 052 0.58 0.76

P 098 0.92 0.53 057 0.93

L 0.73 101 0.53 057 1.39

B0834+06 LBA 097 0.70 050 051 0.72
HBA 101 0.62 050 0.51 0.62

P 1.00 060 050 0.51 0.60

L 093 0.65 049 051 0.70

B091763 LBA 0.62 085 048 052 137
HBA 083 095 049 051 1.15

P 0.58 1.00 049 051 172

L 1.01 093 049 050 0.92

B1133+16 LBA 0.71 097 049 052 1.35
HBA 098 0.81 049 052 0.82

P 098 0.71 049 051 0.72

L 099 030 049 051 031

B123725 LBA 099 0.34 049 053 0.34
HBA 1.00 044 048 0.52 0.45

P 1.00 061 049 052 0.61

L 091 098 048 051 1.07

B1604-00 LBA 1.10 0.76 0.49 051 0.69
HBA 0.52 0.82 049 051 157

P 0.73 0.61 049 051 0.83

L 056 0.79 049 051 142

B2044+15 HBA 045 097 047 051 218
P 0.37 1.00 048 051 270

L 0.34 099 049 051 295

B0402+61 HBA 066 0.71 049 052 1.08
P 0.86 044 049 051 051

L 048 0.71 051 052 1.50

B0447-12 HBA 095 043 048 050 0.45
P 081 0.75 049 052 0.92

L 0.70 0.87 0.48 051 1.24

B0450+55 LBA 1.02 0.22 047 053 0.22
HBA 0.89 0.67 0.49 0.55 0.75

P 099 024 049 053 0.24

L 0.48 0.60 046 050 1.27

B0523+11 HBA 094 0.84 0.48 0.52 0.89
P 1.00 0.67 048 052 0.67

L 0.61 098 048 051 1.60

B0609+37 HBA 0.36 1.01 0.48 050 277
P 0.26 0.76 049 051 291

L 0.32 0.63 050 051 2.00

B0626+24 HBA 0.89 0.27 0.48 050 0.31
P 095 041 049 050 043
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PSR Name Band P1 P2 ¢1 9> P2/P1
L 0.48 0.75 0.49 050 1.57
B0643+80 HBA 0.83 095 049 050 1.14
P 0.95 0.48 0.49 050 0.50
B0906-17 HBA 0.95 0.19 049 051 0.20
P 0.95 0.21 0.49 051 0.22
L 0.32 0.95 0.48 0.49 3.00
B0943+10 LBA 095 0.24 050 054 0.25
HBA 095 041 050 052 043
P 091 0.76 0.49 051 0.83
B1530+27 HBA 0.83 0.74 049 0.52 0.90
P 1.02 048 050 051 0.47
J1652-2651 HBA 0.89 1.00 048 0.52 1.13
P 0.82 1.01 0.48 051 1.23
L 0.65 0.84 0.49 051 1.30
B1737+13 HBA 0.21 1.03 0.47 051 4.88
P 0.63 1.01 0.48 051 161

L 0.93 057 0.48 051 0.62
B1905+39 HBA 0.71 0.38 048 049 0.53
P 0.95 0.60 0.48 0.51 0.63
L 0.95 1.00 0.49 051 1.05
B1918+26 HBA 1.00 0.26 050 051 0.26
P 1.07 1.03 0.49 051 0.96

L 0.92 0.72 050 051 0.78
B1919+21 LBA 057 059 049 050 1.03
HBA 095 0.71 049 051 0.75
P 0.95 059 0.49 050 0.62

L 0.74 095 050 051 1.29
B2122+13 HBA 0.40 0.99 047 051 247
P 0.89 0.96 0.48 051 1.09

L 0.74 091 048 051 1.23
B2154+40 HBA 0.78 0.35 050 0.53 0.45
P 0.89 0.46 0.49 052 0.52

L 0.62 0.69 0.49 050 1.12
B2306+55 HBA 046 1.00 046 052 218
P 0.79 0.98 0.47 052 124

L 0.97 0.87 0.49 0.52 0.89
B2315+21 HBA 0.85 0.67 050 051 0.79
P 0.32 1.11 0.49 050 3.50
L 0.38 0.95 0.49 050 2.50
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