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ABSTRACT

Context. Some radio pulsar profiles (in particular those of millisegtg@ulsars) contain wide emission structures which covgela
intervals of pulse phase. Local distortions of an averageecaf polarisation angle (PA) can be identified in such pegfiland they
are often found to be associated with absorption featureamow emission components.

Aims. The features may be interpreted as a convolution of a lapeddile of an emitter with a microscopic radiation patternaof

non-negligible angular extent.

Methods. We study a model which assumes that such an extended micnofiiene X-mode curvature radiation is spreading the
radiation polarised at a fixed position angle within an ivééof pulse phase.

Results. The model is capable of interpreting the strongly dissinplalarisation of double notches in PSR B1824A (for which

we present new polarisation data from the Nancay Radiostefse) and PSR J043%715. It also explains a step-like change in
PA observed at the bifurcated trailing component in the fgaff J04374715. A generic form of the modelled PA distortion is a
zigzag-shaped wiggle, which in the presence of the secoladigation mode (O mode) can be magnified or transformedamb or
U-shaped deflection of a total net PA.

Conclusions. The model’s iciency in interpreting dissimilar polarisatioffects provides further credence to the stream-based (fan-
beam) geometry of pulsar emission. It also suggests thahitrobeam width may not always be assumed negligible in @i
with the angular scale of emissivity gradients in the emissegion.

Key words. pulsars: general — pulsars: individual: PSR JO487715 — pulsars: individual: PSR B18224A — radiation mechanisms:
non-thermal.

1. Introduction or temporal separation of orthogonal polarisation moddsy-
L . reted either in terms of fierent refraction properties of these
Pulsar polarisation escapes thqrough understanding tdesﬁiodes (Petrova & Lyubarski 2000; Lyubarsky 2008) dfefent
more than four decades of increasingly deep study, botfredse | a1i0ns of the modes in the radiation pattern of a spedifise
tional and theoretical. The association of observed pHEDN ~ gion mechanism (Dyks et al. 2010, hereafter DRD10). On the
angle (PA, hereafter also denoted/ywith a projection of local heqretical side, the convolution of a spatially extendedse
magnetic field (Radhakrishnan & Cooke 1969) has strengthengq, \vith microphysical radiation beams has been numéyical
the magnetic pole model of a radio pulsar beam. A mathemayy,gied for non-coherent emission processes (Wang et &2, 20
cal formulation of this rotating vector model (RVM, Komesfir i\ ;mar & Gangadhara 2012) with the inclusion of possible prop
1970) gives a chance to determine the global geometric parafasion gects on the observed polarisation properties (Barnard
eters, such as the magnetic dipole inclinatioand the viewing g"arons 1986: Wang et al. 2010; Beskin & Philippov 2012).
angleZ, both measured with respect to the rotation aXis In these studies, the angular size of the microphysicahtidi
Because of the commonly encountered deviations of the qixttern was negligible in comparison to the angular graslieh
served PA from the simple RVM model, several extensions®f temissivity in the emission region. Instead, in this paperase
model have been made. Blaskiewicz et al. (1991) included thgme that these scales are comparable.
special relativistic ffects on the PA curve (see also Dyks 2008),
whereas Hibschman and Arons (2001) also included the mod- Via statistical modelling of single-pulsdtects, Luo (2004)
ification of a local magnetic field by magnetospheric cusenthas shown that the microbearffexts are capable of generat-
Statistical studies of single-pulse PA distributions (Nluhon & ing perceivable non-RVM distortions when radio waves decou
Stinebring 1998, van Straten 2009) have shown the impagtare from the local plasma close to the emission region. Melro
of various ways in which two polarisation modes can be corst al. (2006) have shown that statistical properties oflelpgllse
bined in the presence of observational noise. Single-marsé emission in both polarisation modes considerably influghee
ysis of polarisation (Edwards, Stappers & van Leeuwen 20034 distributions observed at a fixed phase, hence tfegtahe
Rankin & Ramachandran 2003) has shown a spatial (angulaverage PA curve. By assuming appropriate populationsef si
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Fig. 1. Linear polarisation properties of PSR B182UA as ob- Fig.2. Linear polarisation properties of PSR B1824A ob-
served with GBT in L band (BPDR). Grey curves refer to theerved at 5 GHz with the Nancay telescope. The layout is the
vertical axes on the right-hand side. The bottom two parmdsz same as in Fig.J1. The total profile in a) has 2048 samples per
into the double notches at ~ 100C°. a) Total flux | (black periodP, whereas resolution of the other data was decreased to
solid) and the linear polarisation fractidh= L/l (grey).b) The 292 bingP by merging seven adjacent bins.

PA (black) and lod (grey).c) The total flux $N (black solid)

and the polarisation fraction (grey) The PA (black) and log

(grey). The straight line presents the PA variations goditeid in

the absence of the notches. There is a drofl iand a change

in PA at the notches. The zero point of PA (whether observed or

modelled) is arbitrary in all figures of this paper. adjacent pulse longitudes while ignoring most of singléspef-
fects. The non-RVM PA distortions may also be caused by multi

ple_ (Mitra & Li 2004) or radially extended (Dyks 2008) emissi
gle pulses, they were able to reproduce non-trivial distiitm "€1ghts, return currents (Ramachandran & Kramer 2003), and
of data on the Poincare sphere. scattering in the interstellar medium (Karastergiou 200@ne
In spite of these developments, it is usually impossib these fects is included in the present study. Our model has

to explain why specific deviations of the average PA cunREen inspired by the high-quality observations of doublemes

from the RVM model are observed. Notable exceptions are t ortgd for PSR B18224A in Bilous et al. (2015, hereafter
orthogonal-mode jumps in PA by about9@hich clearly orig- BF PR; See Figs. 1 and 2 therein). However, the model is also
inate from one mode being overtaken by its orthogonal coudPPlicable to the notches and the bifurcated emission cagrpo
terpart (Cheng & Ruderman 1979, hereafter CR79; Tinberg Rserved on the trailing side of the profile of PSR JO48715
2005). In this paper we attempt to understand less obviaus divavarro etal. 1997).

tortions of PA, using a simple physical model of a polarised r  Section[2 describes available polarisation data for psilsar
diation beam, and convolving it with a macroscopic spatigd d with double features in their average profiles. It is then fol
tribution of emissivity. Our approach may be considered -cortowed by the description of model assumptions and the numer-
plimentary to that of Melrose et al. (2006) who modelled thieal method (Sectiofll3). Section 4 presents the results ef th
statistical &ects of polarised single pulses at a fixed phase. Wgodel simulations, which are immediately compared to the ob
instead focus on how the microbeam topology relates the PAsatrvations.
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2. Observed polarisation of profiles with double (van Straten 2004). The data was then corrected forfibets of

features rotation measure (RM) using the PSRCHIVE tool RMFIT. This
resulted in an average profile with a total integration tirhré®?2

Bilous et al. (2015) reported high’$ L-band polarimetric ob- hours & 5.8- 107 periods).

servations of a 3.05-millisecond pulsar BL828A, which are  The plack solid line in panel a of Figl 2 presents the average

summarised in our Fid.]1. The profile mostly exhibits a highrofile with 2048 samples per period. To increase tfé, ghe

linear polarisation fractiodl = L/I except for two quasi- rest of the observables in FIg. 2c are plotted after mergingrs

orthogonal polarisation jumps g ~ —117 and 72. A con-  adjacent bins for a total of 292 samples per period, whiclokssc

siderable drop irfl, however, also occurs gt ~ 100" where tg the resolution of the BPDR profile. Although theNSof the

the double notches with a low, shallow central bump are foundancay profile is slightly lower, it does confirm the existerof

Interestingly, even thougH decreases to nearly zero (grey linghe double ‘absorption’ feature @t~ 100°. As in BPDR, the

in Fig.[Ic) the PA changes just a little bit, by approximatey o minima seem to be separated by an indistinct bump. Our

(Fig.[b and d). Although this change in PA has been describggka also confirm the change in PA, and the steep decreae in

asajumpin BPDR, it may also be interpreted as a zigzag-shapgarly to zero at the centre of the notches. In the Nancafjlgro

wiggle around a monotonically decreasing PA (marked with ttb1 and P2 are both clearly double.

straight line in Fig[lLd). This work provides a framework whi Polarised profiles of B182124A are also published by Dai

supports this interpretation. In addition to the PA changi@@ ¢ 5 (2015), who present the Parkes data at 10, 20, and 50 cm.
phase of 100 the profile of B182124A exhibits other inter- the change in PA at the phase of the notches is detectabég ther
esting deflections from a smooth PA curve. There is a zigzagsever, the double form of the notches or of P1 and P2 is
like wiggle at the second-brightest component (P1, located . reolved. The linear polarisation fractiirconsiderably de-

¢ = —107) and a one-directional PA deflection near the brighfse 4565 within the notches (fron¥@ to 037, Fig. AL6 therein),
est component (P2, locatedg@at 0°). They are associated with 5th o gh not down to the near-zero value reported in BPDR. Th

a largerll and deviate from a smoothly interpolated PA CurVgifrerence may result from the smearing apparent in the Parkes
less than observed at the double notches. Both P1 and P2 reueSilel]

a double structure, although they are not as well resolvddhah
as symmetric as the prominent double features observetién Oty¢
pulsars (e.g. the bifurcated precursor of J1:08207, DRD10).
The slight PA distortions associated with these emissionpo
nents will be addressed in Sectlonl4.5.

Generally, all available data are consistent with the erise
double ‘absorption’ feature gt ~ 100°, accompanied by the
considerable drop il and a modest change in the PA value.
Bilous et al. (2015) note that giant pulses in B1824A occur
at the phase of the double notches, and a peak of a narrow com-
ponent in an X-ray profile of this pulsar nearly coincideshwit
2.1. Observations of B1821—-24A with the Nancay Radio the notches.

Telescope

The SN of the profile within the notches observed by BPDR ig-2. Linear polarisation of PSR J0437-4715
Seiscl)u%zgkusso![gi (Ijlgre]filme'I[%Elli():l’)é SVLTEQ I(ff rt(rallgt::/gtlghlggv.ug::g,irqpther pulsar that will be discussed in terms of our model
dependent observations. PSR B1824A is regularly observed is PSR 04374715, a 5.25 ms pulsar with a long observa-

; . . tion record at the Parkes telescope (e.g. Navarro et al.;1997
with the_ 100m equ_alent Nancay Radio Telescop_e (N.RT) aFlowski et al. 2014; Dai et al 20p15)( Itgs polarisation moep
part of its pulsar timing program. In order to obtain higiNS ) ’ : !

! . ies exhibit interesting similarities to andfidirences from the
profile we used 82 observations taken between August 2011 %ﬁ‘ie of B182124A. Figurd 3 summarises the best available lin-
May 2015 approximately once every two weeks.

; . ear polarisation data from Dai et al. (205Rouble notches
The data were recorded with the NUPPI backend (Liu ﬁ]}aJ0437—4715 lag behind the peak of its brightest component
al. 2014) — a erX|bI_e digital s!gnal processor deS|gned_inj|= P by approximately 69and have a pronounced central maximum
sar observations. First, Nyquist sampled spectra wereirazhju '

centred at 1484 MHz in 512 MHz bandwidth with 4 MHz reSoreachmg a large fraction of the flux observed outside thehrest.

X ! The linear polarisation fractiof is decreasing at the minima of
lution pro_ducmg 123 frequ_ency c_hannel_s. The_ data Werereohﬁ]e notches by 20-30 per cent of th#-notch value (from 0.75
ently dedispersed in real time using a dispersion measuue v

. X . %0 0.6 at the leading-side notch, and by more than a quarteeat
of 119.894 pc crm? in order to correct for the dispersive dela%railing notch: seegthe grey line in F@y 30). At eachqminimum

caused by the interstellar medium (ISM). The data were th PA deflects toward the same directiony ~ 5°, which

transformed from XY auto- and cross-correlations to fullkels ;s irerent behaviour from B18224A. Several other deflec-
parameters, folded into final full-Stokes pulse profileswiéls- - i< ot pa are observed across the profile, including theazg
olution of 2048 samples per period and written out to d'Sk. ' the phase intervals marked with the rectangles in Big. 3b:
PSRFITS (Hotan et al. 2004) format. Each of the 82 obsemstio, (700, —48), ¢ € (—40°,—10°), ande € (10°, 32). These

was then inspectedfitine for the presence of rad_io-frequenc;&iggles seem to coincide in phase with broad minima in total
interference (RFI) using standard pulsar processing (&#Z, intensity, centred at ~ —60°, —25°, and 20

PSRZAP) from the PSRCHIVE pulsar processing suite (Hotan There are two more pulsars which exhibit both double

etal. 2004) by zer_o—vv.elghtlr!g tht_éfacted portions of the data._ notches and PA deflections: B192B0 and B095@808. In the
Flux and polarisation calibration were also performed gsin

the PSRCHIVE software package. A locally ge_nerated stahdar: The minimumIT measured by BPDR is eight times smaller than its
pulsed noise source was recorded to determine the flux sc@lgsistical error, hence this data point is not plotted ingba of Fig[1,

The equivalent noise source flux density was obtained by abnich only shows the points witH > or;, wherec; is the statistical
servation of the unpolarised quasar 3C48. Regular obsengat error ofIT.

of linearly polarised pulsar B1929.0 were used to characterise 2 The data were obtained from the Parkes Observatory Puldar Da
the receiver system’s intrinsic polarisation cross-cgpinatrix ~ Archive (Hobbs et al. 2011, dx.doi.qfd.422%08/54F3990BDF3F1).
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Fig. 4. Sky-projected view of the split-fan beams typical of the
06 X-mode curvature radiation from narrow plasma streams. The
04 continuous beam shown on the left can be decomposed into a
sequence of lobe pairs, emitted quasi-instantaneousty ¢i6-
ferent points along the stream (shown on the right-hand side
e.g. from the points ‘a’ and ‘b’ in the bottom right corner.
14 The horizontal line marks the passage of the line of sighe Th
stream’s polarisation angh¥g is detectable at two pulse longi-
tudes (corresponding to the lobgsand ly) on the leading and
trailing side of the stream.
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19 crobeam has the form of two lobes emitted at a small angle with
- o - respect to the plane of the magnetic field (see Fig. 1 in DRi®, a

#0 Figs. 10 and 11 in DRD10). No radiation is emitted within the

plane of the electron trajectory (which in this paper is assdito
Fig.3. Linear polarisation properties of PSR J04&715 ob- coincide with aB-field line). Therefore, charges sweeping along
served at 1.4 GHz with the Parkes telescope (Dai et al. 2018)bent magnetic field, emit a split-fan beam shown on the left-
The layout is the same as in the previous figures. The reaandiand side of Fid.14.
in b) mark the zigzag-shaped PA distortions that are digzliss Because the beam is double, each point of the stream (e.qg.
Sectior4.B. point ‘a’ in Fig.[4) creates two bright patches of emissiorttoa
sky (a. and &). Therefore, a fairly localised piece of emission

. . region, (e.g. the stream segment between ‘a’ and ‘b’ in[Hig. 4
first, the notches are observed at a flux level hundreds obtimgyn pe detected at two fiirent phases in the profile. For the
lower than the peak of its main pulse. Well-calibrated pelarsjghtiine passing along the horizontal path in Fig. 4, theseg-
sation data for this weak emission component are not avVeilabyent will be detected at the lobg and b-.
(L > 1'in Rankin & Rathnasree 1997). In the case of BOSG8 The process of curvature radiation (CR) in the extraorginar
the polarisation at 2 GHz was published in McLaughlin & 4|5 isation mode (hereafter the X modeoimode) provides
Rankin (2004), however, for a profile with almost 'nV'S'bl‘gn example of such a double-lobed beam. The CR beam emitted
notches, and with a smalfi$in L. in vacuum can be mathematically decomposed into two parts:
a filled-in pencil beam polarised in the plane of tdield and
the bifurcated beam polarised at the right angle to the pidine
B (see Eq. 6.29 in Rybicki & Lightman 1979; Konopinski 1981,
The model assumes that the generic element of a radio enfis305). In a strongly magnetised plasma, the emitted beasn ge
sion region in a pulsar magnetosphere has the form of a plastiegomposed into a similar filled-in part polarised paratiehe
stream occupying a narrow magnetic flux tube (see Fig. 1 Bfield line plane (O mode) and a bifurcated X-mode part. In
Dyks & Rudak 2012, hereafter DR12). In a short time intervdhe limit of plasma in infinite magnetic field, only the X mode
(quasi-instantaneously), the charges in the stream enaitraw  is emitted, again with the bifurcated beam pattern, andriseld
pattern of radiation beamed nearly along the velocity vemtol  at a right angle with respect to th& plane (Gil et al. 2004).
pointed tangentially to the stream. The angular size of suchlo study the qualitative implications for the observed RASI
microbeam is small but significant, and it needs to be comablvsuficient to use the vacuum formula for the beam shape, which
with the spatial extent of the emission region (e.g. withltite we do in Sec{_3]1 (Eq]1).
eral profile of density or emissivity in the stream). When mod  In the quasi-instantaneous X-mode beam, however, the radi-
elling the polarisation of notches we assume that the ednitie  ation is polarised in thé& x B direction (see Fig. 1 in CR79 or

<
*

st b nrdin el e e e L b 1y
o

55

D
=]
®
=]

3. A model for the polarisation angle deflections
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Fig. 16 in DRD10), wherd is the wave vector pointing towardsin Fig.[Ha. This emissivity is convolved with the perfectins

the observer. The quasi-instantaneous polarisationtitirethen metric elementary emission pattern (dot-dashed line in[Eag.
strongly depends on where exactly our line of sight is pier@¥e neglect a possible asymmetry of this micropattern, theat m
ing the microbeam. A moving charge is passing this microbeappear while the charges move between points ‘a’ and ‘b’ in
through our line of sight in a nanosecond timescale+{ 1/v, Fig.[4. Such asymmetry (and a related distortion of PA) igen
wherev is the observed frequency). During that time, a limitedlly expected when the radio emissivity varies with altéwhd
segment of the charge’s trajectory of length ~ cy?At is ex- the sightline traverses through the split fan at an obliugiea
posed to the observer. For the charge’s Lorentz factpr-ofl(?, (see Fig. 2 in DR12). Therefore, the dot-dashed line in[Big. 5
the detectable segment is few kilometers in length. Thezbari presents anféective pattern of the microbeam, mostly formed
tal motion of the sightline through the lobg im Fig.[4 is several by emission from dferent points (‘a’ and ‘b’ in Fig.}4). For the
orders of magnitude slower than the fast sweep of the lobwjalceffective microbeam shape we take that part of the vacuum CR
the guiding magnetic field line. Therefore, if the emisgidibes beam which is polarised orthogonally to the plane d@-&eld

not change along that detectable part of electron trajgctioe line

observer is exposed to a time-symmetric signal of interssity | ) i ,

an antisymmetric signal of PA. These symmetries ensure tthab & & K1/3(») S’ (¢ — ¢), (1)

the net PA is orthogonal to the projectBdield for an arbitrary

Iocati%n of sightline in the fully swept-by beam (the sgéitz where
beam _ 2 "2 _ 2nvpery 3/2
Accordingly, the lobe @ after fully passing through our line ¢ = v +@-¢) y=—3; ¢ @)

of sight, will contribute the PA fixed at the phase-indeperde . . S .
value ofyg = Wg + 90°, whereWs is the PA corresponding K is the modified Bessel functiom is the phase of the mi-
to the sky-projected direction of the magnetic field at peant  crobeam centre, anglis the Lorentz factor of the emitting par-
Analogically, the trailing-side lobebwill be polarised at the ticles (Rybicki & Lightman 1979). The magnification of the-ap
same angles, because the same magnetic azimuth corresporRf§€nt microbeam through the non-orthogonal sightlineatat
to the emission point ‘b’. If the emissivity and curvatureipgB-  POSSibly smalkr (section 2.2 in DR12) is ignored, i.e. the ob-
field line do not change considerably between points ‘a’ 4nd * S€Tved width of the microbear is set only by the values of
a symmetrical double-peaked emission component will be ogﬂv andy. The latter are selected to make the microbeam a few
served. It will be highly polarised and have a phase-inddpen degrees wide in the observed profile. The Lorentz fagtes
PA. fixed at a large (but otherwise arbitrary) value, becaustheei
The key assumptions of our model are then the following: 1€ scale no[/ghape of the microbeam depeng,ohenever
At least some parts of average profiles (especially thosetwhiy > (VPer/€)™*. To perform the convolution, a prescription for
exhibit bifurcated features) consist of elementary raoiepat- e B-field-based (RVM) PA curve is selected. Since we focus
terns which have the double-peaked cross section suchasmshgn narrow phase intervals, we approximate the PA with a lin-
by the dot-dashed line in Fif] 5a. This one-dimensionaligars €ar function of phase (straight dotted line in Fiy. 5b). Facte
of the microbeam pattern (denotét|) needs to be convolved pulse phas¢, the C(l)nfcrlbuted flux of th,e mlcr(_)b_eam (centred at
with the macroscopic distribution of emissivity, within the an arbitrary phasg’) is scaled byy.(¢") ?”d it is assumed to
radio-emitting region: 2) It is assumed that both lobes efri- P€ fully linearly polarised at the angjes(¢'). Thus, most of the
crobeam are highly polarised at a fixed angle (of & the X flgx cumulaf[ed aty originates from two nearby phases on both
mode) with respect to the projected direction of the magnefjid€s 0#. Since these phases contribute their own valuefssof
field line at the emission point corresponding to the obgkrvE€ Intrinsic distribution of PA at a fixed has a double-peaked

lobes. A reference will be provided by the RVM PA value fofor™ (Fig.[3b), with no radiation corresponding to the cahtr
the X mode ¢) or the O mode¥s). value ofyg(¢). However, the average value of the observed PA,

(denoted byy, since it refers to the X mode only), is equal to
¥s(¢). When doing the convolution, we make the normal transi-
3.1. Numerical method tions between, L = (Q? + U?)Y2, y = 0.5arctany/Q) and the

Double notches and bifurcated emission components are §égkes parametersQ = L cos(@), U = L sin(2). The circular

lieved to be caused by a single void or peak in the spatial-emﬁ)sOIar'Sat'on and propagatioffects are not studied in this work.
sivity profilen, . The double form results from the bifurcated na-

ture of the microbeam which is convolved with this spatialem 4 Results

sivity (DRD10; DR12; cf. older models based orftdient con-

cepts: Wright 2004; Dyks et al. 2007). Therefore, we staittai In this section we present typical PA distortions impliedthg
choice of the macroscopic emissivify as a function of phase. model and discuss them in the light of observations destiibe

In most cases we assume thathas a narrow Gaussian dip (orSect[2. When we refer to data, model parameters are selected
peak) carved in (or projecting from) a uniform emission comp manually to obtain a qualitative agreement.

nent. An example of thig, is presented by the thick solid line

3 This condition of uniform emissivity applies to each eleatin-  4-1- Origin of PA deflections at double notches

dividually. However, the single-pulse emission, as debeeah by the

longitudinal plasma density profile in the stream amongrsthaay ex- The convolution of the microbeam (dot-dashed line in E9. 5a

hibit arbitrary variability. For this reason, the model @neistent with with the spatial emissivity, (t.h'Ck S.OI'q Iln_e) produces the dou-
the observed randomness of subpulse shapes (cf. Sectl31@ #004). ble featL_Jre shown by the thin solid line n FIg. 5a. This means
However, it is not generally applicable for any pulse coreus, in thata mlcrobeam such as _the one shc_>wn.|n t_he bottom right cor-
particular those for which the single-charge emissivityasiable on ner of Fig[5b (dotted line) is not contributing its PA at tHarik

the timescale of?At or those for which our sightline is just grazing thegap around point D in the greyscale distribution of PA. Therav
periferies of the full split-fan beam. aging of PA at the phase marked with C then leads to the upward
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Fig. 5. Mechanism of the bidirectional (zigzag-shaped) PA digit & Tearly merged double notch featuap Microbeam inten-
tortion. a) Effective microbeam patterh ~(dot-dashed line), Sity I, (dot-dashed line) and the macroscopic emissivity with a
and the macroscopic X-mode emissivity (thick solid) are con- Gaussian cavity at = 0 (thick solid).b) Net polarisation frac-
volved into the net intensity profilé, (thin solid). b) PA as tion Il (top thin solid) and net X-mode intensity profile (thick
a function of phase. The slanted solid line magks i.e. the Solid). Thell, is slightly smaller than 1, as shown by the bottom
net value of the X-mode PA calculated as a fixed-phase averd@@ line presenting the quantity 100( — 0.99).c) Net X-mode

of the bifurcated grey band. The dotted line marks the RVMPA (.., solid) overplotted on the referengg (dotted). The cen-
based referencesg). The double-peaked microbeams, with afral part ofy:, is thinner to reflect the lack of high-quality data
rows emerging from points A and B, show how the PA is dig2oints at the centre of notches in B1821A (see Figd.l1d and
tributed within the neighbouring pulse longitudes. Thedvas- 12d). The resultis foorr, = 1.53°, yrg = ~0.6¢, perv = 5x 10 cm,
sumed inp, at D ( = 0) creates the horizontal break in théindv = 1 GHz.

bifurcated PA band (grey). The resulting imbalance of the PA

averaging produces the thick solid PA wiggle.

lution of a single-mode (X-mode) radiation with similar uak

of PA (as constrained by the double-peaked PA distribution i
Fig.[8b) does not produce perceivable depolarisation. Aqflo
deflection of the net PA because the flux at C is dominated B$0(1, —0.99) reveals that outside the notcliésdrops by less
emission from the phase B, with a larger PA. On the right-harigian one per cent and is larger at the minima because thd-contr
side of D, the sameftect leads to a downward PA deflection obution of depolarising radiation (from a second lobe) isging

the same magnitude. The outcome is a zigzag-shaped wiggléhsfre. The modelled change in PA at the notches (by alfig 6
the net PA around the referengeg. two times smaller than observed in B182UA.

Fig.[8 presents the calculation made for a Gaussian void in The increase ifil, and the small change in PA at the notches
the emissivityy, = 1—exp(—0.5¢2/o-,27), with o, = 1.53 (thick are inconsistent with the observations of B1824A; however,
solid line in panel a), and for the microbeam of the apparalit hthe result of Figil6 does not include the possible contridsutif
sizemp = 2.34° (dot-dashed line). The reference PA was aghe other polarisation mode, i.e. the ordinary mode (O mode,
sumed to change with phase at a rate similar to that obsemvediimode), which is polarised parallel to the sky-projectefieid.

PSR B182%24A: yg = —0.6¢ (dotted line in Fig[c; straight In the following we use the term ‘net PA' to describe the net
solid line in Fig[dd). The net PA is shown in panel c by a thickaverage) PA of a single polarisation mode (either X or O). Fo
solid line, which is made thinner in the central region of than average PA which contains both modes we use the term ‘total
notches where the observed PA is unavailable because of figéPA (or just ‘total PA).

insuficient SN. There is a flattening of PA in the outer wings

of the notches, which makes the impression of a discontisu
jump in PA similar to the one observed in B182ZU4A. Panel
b presents the intensity profile (thick solid line) and threeir  The dfects of adding the O mode are illustrated in Eig. 7, calcu-
polarisation fractiodl, (top thin line). Itis clear that the convo- lated for the same parameters of the X mode as before. We have

O¥ 2. polarisation of notches in the presence of two modes
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0.5, 0.55, and 06, presents how the PA deviatiofwf = ¢ — /)
grows with the increasing contribution of titenode. For the se-
lected parameters (i.e. for the assumed changgsiacross the
microbeam width) Ay exceedes 10for |} approaching, with

an accuracy of 10%. The largest distortion (fpr= 0.61T%%,

thin line with spikes) shows the jumps in PA BP0° caused by
the dominance of the O mode over the primary X mode at the
minima of the notches.

The ease of obtaining such large distortions is an impor-
tant phenomenon which has a crucial role in shaping the ob-
served average PA curve: tiny distortions of PA from therefe
enceyg, become strongly magnified by the contribution of the
other mode. The original (small) distortions in a single mod
naturally result from the non-uniformity of the emissiorgian
(convolved with the properties of the microbeam). This nsake
the primary PA distribution at a given phase a little asymmet
ric with respect to the referenggs. The incoherent contribu-
tion of the second polarisation mode can amplify these -origi
nal PA deflections (characteristic of a single mode) to a very
large magnitude, easily comparable to the€ 8@paration be-
tween the modes. When both polarisation modes have compara-
ble flux, the net PA may be essentially arbitrary, which leads
the randomisation of the fixed-phase PA distributions diesdr
in McKinnon & Stinebring (1998) and Melrose et al. (2006).

At a fixed phase, each polarisation mode may then be ex-
pected to have the form of an intrinsic PA distribution with a
finite width and with a specific shape, which is in general asym
metric with respect t@/g. Therefore, the PA ‘curve’ of pulsars
should rather be understood as a PA stripe or band, as is fre-
qguently viewed in the greyscale plots presenting the PA dis-
tribution as a function of phase (e.g. Stinebring et al. 1984
Edwards & Stappers 2004; Hankins & Rankin 2010; Oslowski
et al. 2014). The total net pulsar polarisation can be under-

Fig. 7. _Polarisation of douple notches in the presence of two pP&mod as the interaction of these two quasi-perpendigupar!
larisation modesa) Intensity and polarisation fraction for both|arised bands of PA. Any skewness of such a PA stripe (i.e. of

modes ([L-mode: solid line{|-mode: dashed line)l, is indistin-
guishable froni]; = 1, hence we plot 100[, — 0.99).b) Total
intensity (thick solid line) and the tot@l (thin line).c) Total PA
¥ (thick solid line) overplotted on the net PA of the X moge (
thin solid line), and the referenas of the RVM model (dot-
ted line). The contribution of the O mode increases fffidRyM

a single-mode PA histogram at a fixed phase) results in deflec-
tions which can be strongly enlarged by the second pol@isat
mode. However, if both polarisation modes are observedlsimu
taneously, only the total distribution of PA may be percblea

at a fixed phase and the details of each mode PA distribution
undetectable. As explained in Sectionl4.6, even if the pure X

amplitude of the total PAd) Same as in ¢, but for the increasingnode is detectable with negligible noise, the bifurcateciRA

contribution of the O modd;/17* = 0.4, 05, 0.55, and 06. The
last case (thin line with spikes) undergoes the orthogomade

tributions are unlikely to be observable. Our search fontlie
J04374715 was indeed unsuccessful.

jumps. The unspecified parameters are the same as inlFig. 6. The agreement of Fig] 7 with the polarisation data on the

added a fixed amount of the O modg & 0.31T®) polarised
strictly at a right angle with respect to the reference (RV)

double notches in B182R4A is qualitative only. For example,
the modelled polarisation fractidi does not decrease to such a
low value as observed, and is actually slightly larger attmare

of the notches than at the minima. The amplitude of the medell

of the X mode ¢, = yg — 90", i.e. the O mode is polarised PA swing barely reaches 1@s compared to the observed value
along the projected field). The linear polarisation propertiesof 15°. There may be several reasons for thesiedinces, and

of both modes are shown in panel a, withreferring to the net
profile of the X mode I(, results from the convolution of the
curves shown in Fig.]6a). The total net profile (thick solitelin

Fig.[4b) shows a drop ihdown to 055 at the notches’ minima.
The total polarisation fractioH (thin line in panel b) is now de-

we discuss them in Se€dl. 5.

4.3. Interpreting the polarisation of PSR J0437—-4715

The secondaryj|f polarisation mode is subject toftérent con-

creasing from (b4 to Q3, in qualitative agreement with the ob-ditions of amplification and propagation (Melrose 2003; @/an
servations of B182424A. The wiggle of PA (panel c) extendsWang & Han 2015; Beskin & Philippov 2012). It may undergo
over a larger interval because the O mode ‘attracts’ any ndtsown deflections frongg, as determined by the skewness of O-
orthogonal PA values to itself. The presence of the otheairpol mode PA distributions, resulting from the convolution o 10-
isation mode then tends to magnify any slight deviationdef t mode emissivity with the O-mode microbeam. Since the mode is

primary PA from strict orthogonality. Depending on the tizia

prone to additional propagatiofffects, e.g. a refraction, the PA

proportions of both modes, the amplitude of the wiggle can eaf the O mode may possibly be even far from its RVM track. In

ily be arbitrarily increased. Figl 7d, calculated fpfl "®* = 0.4,

this paper all these O-mode deflections are parametrisedras a
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Fig. 8. Polarisation of double notches in the presence of a cofig.9. Polarisation of double notches in the presence of a
siderable amount of a quasi-orthogonal secondary potarsa slightly non-orthogonal secondary polarisation moge= yg—
mode ¢ = yg — 89.5° I = 0.517*). The layout is the same as80°, | = 0.317®). The dashed line io presentgos, i.e. the in-

in panels a-c of Fig.]7. The PA wiggle in panel ¢ acquired larderpolated &-notch trend of the total PA. The total PA at both
amplitude and became asymmetric. Unspecified parametrsrainima is located below (see the explanation in Fig.110).

the same as before.

form shift ofy with respect toPs, wherey denotes the net PA erateg;). In Fig.[dc the O mode is T(ff orthogonality, so the
of the parallel mode. We then assume= Wg+¢ = yg—90°+¢, overall PA curve is displaced down to the dashed line, which
with a small or moderate value ef. This simplification is done marks the interpolatedinotch trends; for the total PA. Even

to make interpretation easier because in real data therietal at the leading-side minimung(~ —2°), where the net X-mode
PA results from an interplay of the X-mode deflections wita thPA was above the RVM-based valug, (> ys), the contribu-
deflections of the O mode. tion of the O mode drags the PA acragsand we gety < .

The summation of such quasi-orthogonal modes (Hig. markably, however, the resulting value of the total PAat t
slightly displaces the whole net PA curve towargsincreases Phase is even smaller thakg, so the PA at both minima stays
the amplitude of the wiggle, and makes it asymmetric. The wi§elow the dashed line.
gle of Fig.[Bc resembles those observed for JB4F45 in the The value ofy at the centre of the notches does not un-
phase intervals:H70°, -58°), (-40°, -14°), and (13,33) (in- dergo such a large shift and remains closeg 4. The reason
dicated by rectangular boxes in Fid. 3b). As in our simutgtiofor which the PA at the leading-side minimum gets overdraavn t
the observed wiggles seem to be associated with minima in the other side of botlt.s andys (as compared to its original lo-
tensity, revealed by the abrupt changes in the intensitgigna, cation) is illustrated in Fig.-10. Because of the low poledifiux
e.g. atp = —65°, —10°, 1, and 18. They may also be tracedat the minima, the Stokes vectors representing{, ) (marked
to double minima i1 (grey line in Fig[Ba). The wiggles maywith A and B in Fig.[10c) are shorter than the vector C which
then be interpreted as the result of thaependent skewnesscorresponds to the notches’ centre. Therefore, the additio
of the X-mode PA histogram, with the two-directional bias othe same|-mode vector (representing the fixed amount of the
PA induced by the broad absorption features. Since the wbderparallel mode) is capable of inducing much larger rotatibi%o
width of these structures is several times larger than talesd  towardsy at the minima. Without the drop in flux at the minima,
double notches, their origin is likely dominated by tiEeets of this efect does not show up (Fig.]10b).
macroscopic emissivity. Fig.[11 presents a calculation performed to roughly repro-

Inthe case of J04374715, the PA at both minima of the dou-duce the characteristics of the notches in JO4575. A rect-
ble notches deflects in the same direction, which makes-it difngular void inp, has been assumed to reproduce the large
ferent from B182124A. This behaviour readily appears in thelepth of notches with a high central maximum (the observed
model under some circumstances: when the linearly pothKse depth possibly approachess0%, though the absolute zero flux
mode flux drops considerably at the minima and the O modelével for J04374715 has not been determined rigorously). For
not too close to orthogonality with respect to the X mode (modg = —0.9¢, I; = 0.31T% andy, = yg — 60° the result roughly
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Fig.10. Mechanism of transformation of the bidirectional PAFig. 11. Model results aimed at reproducing the observed prop-

distortion (the thin solid X-mode wiggle in panel a) into aeen erties of the double notches in J0437715 (see Fid.13). A rect-

directional W-shaped deflection of the total PA (thick splid angular void in emissivity, of a half width equal t090 (thick

The Stokes vectors associated with the marked points avenshdine in a), has been assumed to raise the central maximum of

schematically in panel c. Those with small letters (a, b,re) al at ¢ = 0. The layout of panels b-d is analogous to panels a-

the sum of the corresponding X-mode vectors (A, B, C) with in Fig.[4. List of parametersig = -0.9¢, ¥, = ¢y — 60,

the quasi-orthogongtmode vector shown on the left. The trand; = 0.317 p, = 1.4 x 10° cm,v = 1 GHz.

sition to the W-shaped PA is mainly caused by the drop in the

X-mode flux at the minima of double notches (short vectors A

and B). Panel b presents a similar sum for the case with no digglue close ta/g on the right-hand side (see the thin solid curve

in polarised flux at A and B (alL-mode vectors have the samédor y, in panel d). If a fixed fraction of the O mode is added

length). (I = 0.3I.(¢), IT ~ 0.54), then the total PA assumes the shape
shown with the thick solid line in panel d. The model resuksio
not reproduce the relative flux of the BTC’s peaks (see the thi

reproduces the 20% drop i and the~5° change in PA (the solid line forl, in panel c). However, the calculation does not

observed deflections aré 4t the leading-side minimum and 6 take into account several factors that influence the ratiesé

at the trailing minimum). The modelled deflection of PA regeainclude 1) the likely asymmetry of the flux and PA in thiéee-

similar asymmetry. However, the drop ihat the trailing min- tive microbeam, which appears for a non-orthogonal travefs

imum is a bit smaller than at the leading minimum, in contragite sightline through a non-uniform split-fan beam (see Big

with observations (Fid.13c). Possible reasons for thesarefis in DR12); 2) the profile of the O mode, the amount of which is

ancies are discussed in Sédt. 5. increasing towards the left-hand side of the BTC, as sugdest

The observed PA exhibits an interesting behaviour at the iy the observed (grey line in a); and 3) the relative steepness

furcated trailing component (BTC) in J043%715 (Fig[IR). On Of 7. on both sides of the BTC (a guess formpfwas used in

the right-hand side of the BTC, the PA appears to change linig-[12). Detailed modelling of this feature is deferred fatare

early; however, it undergoes a step-like drop at the ceritileeo  Study.

BTC (dots in panel b). Such a step-like change in PA is natu-

rally expected in our ‘fixed-PA microbeam model’ if the emis

sivity , changes more steeply on the leading side of the BT

Fig.[12 (c and d) presents a sample result obtaineg farhich In the case of the centripetal acceleration the ordinaryerisd

rises quickly on the BTC's left-hand side (following a Gaas, emitted into a single-peak microbeam of non-negligiblethyid

but decreases linearly on the right (thick line in c). Thepstesuch as that shown with the dot-dashed line in Eig. 13. We as-

like drop in PA occurs because the PA makes a transition fraaame that the perceived PA is the same at any direction within

the single-lobe-dominated value on the left-hand sideémiét the beam and equal to the projected direction oBHeeld (V).

'é.4. Non-bifurcated microbeam
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Fig. 12. Comparison of the observed (panels a and b) and mdelg. 13. Origin of the zigzag-shaped PA wiggle in the case of the
elled (c and d) properties of the bifurcated trailing comguain filled-in microbeam of the O mode. The layout is similar tottha
(BTC) in J04374715. The observed propertidsgndIl in a; of Fig.[3, except for the fixed-phase PA distributions which a
¥ and logl in b) present a zoomed part of F[d. 3. The arrow iplotted at 2 phase intervals in panel b. The minimurmgppro-

b marks a step-like change in PA at the centre of the BTC (tdeces the single-minimum dip in the net O-mode intendity (
PA is shown with dots). A similar step-like change in PA (dolithin solid line in a) as well as the blank gap in the non-bi&tec!
lines in panel d) occurs for a one-sided emissivity profile, ( grey PA band (panel b). The PA wiggle is again produced by the
thick solid in ¢) which is decreasing gradually (linearly) the imbalance of the PA averaging.

right-hand side, but much more steeply on the left-hand &de

half-Gaussian witlar,, = 1°). The thin solid line in d presenis, ) ) .
whereas the thick line presentsobtained for a fixed fractional to the one for the bifurcated beam, albeit of a smaller ampli-

contribution of the O moddj = 0.31,(¢). This is an exemplary tude. Close t@ = 0°, where the flux is low, the PA distribution
result obtained fogg = —0.9¢, pery = 5 x 10* cm. becomes double (the fixed-phase PA histograms inFig. 13b are

normalised to the same peak value).
In the presence of both modes, however, the total PA has

In this subsection the void in the emissivity will be applied different properties than in the previously described caseeof th
the O mode onlyy, refers to the macroscopic emissivity of thevoid convolved with the bifurcated microbeam. This occugs b
O mode, and! represents the O-mode microbeam pattern. ERuSe the void imy produces a single dip ify, with the min-
analogy to the X mode (effl 1), it is assumed that the O-motfeum value (; = I|™") at the centred = ¢min = 0), whereas
microbeam can be approximated by that part of the vaccum @ maximum deflection of PA occurs in the wings of the feature
beam which is polarised in the plane of the guidBxjeld line, (atémax # ¢min)B Therefore, when the contribution of the other
ie. |\r|nb « §2K§/3(y) (Rybicki & Lightman 1979). mode (X) is increasind,, first reached; at¢min and produces

If the other polarisation mode is absent, then a smaF-e orthogonal PA jump there before it is able to considgrabl

amplitude wiggle of PA also appears for the non-bifurcated Istorty at gmax. If the modes are strictly orthogqnal out;ide
mode beam. This occurs because the single-mode deflecgons g€ r!of.hes,[“%h = ¢Bhand ] |=: \PE;)a a Iargel-amplltud(fa Wig- |
pend on the asymmetry (or skewness) of the PA distributions&i€ Similiar to those shown in Figl 7d can only appear for fine
a fixed-phase. In the case of the single-peaked microbeam, {1€d parameters:, ~ Ly(¢min) (andL, < L) with accuracy

asymmetry is produced by the outer wings of its radiation pdl! the order of 1%. Otherwise, the wiggle's amplitude does no
ter¥1 (FigE%B). FI%ecause of){he beam'’s extgnsion, a narrov'mdpi)p'ncrease considerably or the PA jumps by 80¢min. For modes

emissivity (thick solid I!ne.ln panel a) re_sults in the hamtal 4 14 subscript ‘min’ refers to the minimum flux of the primarg-p
break in the grey PA distribution shown in panel b. The resulfyisation mode (herg), whereas ‘max’ to the maximum deflection of
ing fixed histograms of PA, which are plotted everyldelow  this primary mode PA from the reference PA (hewg, = v — Wg). If
the grey PA band, are clearly skewed in opposite directions the void is in7;, we have a single notch Withyin # ¢max. FOr a narrow
either side ofp = 0°. The net PA then exhibits a wiggle similarvoid in 7., we have double notches within ~ dmax.
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projecting from an isotropic background emission. The PAeu
Fig. 14. Influence of the secondary polarisation mode (this timgkhibits a flattening under the component (panel d), cauged b
it is the X mode) on the polarisation of a single notch domthe fixed PA attributed to the microbeam. A small uniform con-
nated by the primary O mode. A Gaussian void in emissi¥jty tribution of the O model( = 0.041"®) produces thef-centred,
of width o, = 2.53" is now applied only for the O-mode emis-one-directional distortion of PA (thick line in d). Used pare-
sion. The layout is analogous to that of Hig. 7, except in pan@rs:y, = yg + 85, pery = 5 10° cm.
d the modes are not precisely orthogonal & ¥g — 85°). The
contribution of the X mode does not much increase the ampli-

tude of the PA wiggle in panel ¢ (cf. Fifl 7c). The slight noncontain both the wiggle-shaped PA deflections and the kifect

orthogonality of 3 (panel d) transforms the zigzag-shaped wigfeatures (the notches and the bifurcated emission compsjnen
gle into a one-directional U-shaped distortion of PA (inmega

variant of Fig[IDc with the vector C shorter than A and B)tLis . . o
of parametersy = -0.64, pery = 10 cm,v = 1 GHz, 4.5. PA deflections at profile emission components

In the case of PSR B182P24A, some small distortions of PA
appear under its two brightest components (P1 and P2), lhoth o
that are not exactly orthogonat ( # yg), the bidirectional de- which are double. The wiggle of PA at the second brightest pea
flection of PA (i.e. the wiggle of Fid_14c) quickly acquires gP1 aty = —105 in Fig.[1) looks deceptively similar to the mod-
U-shaped form (Fid_14d), i.e. it becomes a feature with a sielled distortion described for the absorption featureg<Fc,
gle minimum instead of either the zigzag shape or the W shaped[Tc,d). On the other hand, the brightest peak in the profile
This occurs because the total PA is mostly determined by the &f B1821-24A (P2 at¢ = 0 in Fig.[1), has the PA which de-
shaped drop in the net O-mode flux (see the curve,fée L) flects in one direction only (no zigzag) and the deflectionais n
in panel a) and much less by the small zigzag deflection of thhase-aligned with the peak; instead, it is located on éditey
net PA (panel c). As shown in Fig. 110c, the total PA is mostlgide.
determined by the amount of the linearly polarised flux of the As shown in Fig[_Ib, the fixed-PA microbeam model can eas-
primary mode, rather than its PA. This fluk;} is minimal at ily produce df-centred one-directional PA distortions, albeit not
the centre of the U-shaped feature, hence the largest defiecbf the type observed for the peaks of B182%A. Fig.[I5 has
of the total PA occurs there (Fig.114d). Thus, the total PA al$een calculated for a slightly wider maximum in the X-mode
follows a U-shaped curve, just like the(or L) does. emissivity,n, = 0.1 + 0.9 exp(-0.5(¢/2°)?), to reproduce the
We then conclude that the lack of emission at the centre éarly unresolved main component of B1824A (P2). When a
the microbeam facilitates the appearance of the wiggleetha small amount (only @41 ™) of a quasi-perpendicular O mode is
deflections of PA in the average profiles. This is consistétit wadded §; = yg + 85°), the linear polarisation fraction stays very
the fact that the profiles of PSR J043¥715 and B182124A high within the component (panel c) and the total PA makes a
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single deflection on its leading wing (thick line in d). Thgzag 10F =
disappears because the convolution of the two modes aligns £ | E
off-notch trend of the total PA with the net X-mode PA in theg 08t , 1
trailing half of the component. S 06E : ! S
This result is somewhat similar to the observed one; hOV\T; 0.4 i - L E
ever, unlike in the observation, the PA in Figl] 15 is decregsi — 02k ! v L a) E
with increasing pulse phagg i.e. the PA gradien® = dyg/d¢p = “F / Y ' ]
is negative. Had we changed the sigrsao the observed (pos- %9 ettt N S et ittt
itive) value, the one-directional deflection would move he t i
trailing side of the peak, in conflict with the observatioracH £ b)
we additionally changed the sign of the modal non-orthotigna s ]
(takingy = yg — 85°), the total PA deflection would move to - 1
the leading side, but it would be protruding upward, again in_ L _ ]
consistent with data. The reason is that the addition ofghbri ., | b AN 1
X-mode component to a low-level X-mode background alway§ °[ \_ \, ]
results in a flattening of the net PA gradientunderthe addedc = | L RN ]
ponent (thin solid line in Fig_15d); whenever the microbeam i ' i
width is larger than (or comparable to) the width of the peak -5~ *
in 7., the added component contributes the fixed PA value, so | 1
a brightening in a profile should always be associated wigh th i
flattening of the PA curve. In contrast with this implicatjghe A0l
PSR B182%24A (though not J04374715) exhibits increased -15 -10 -5 0 5 10 15
|S| under the bright emission components. A possible reason for !
this discrepancy may involve unrecognised single-pufiects Fig. 16. Polarisation of a very wide emission structure with the
(cf. Melrose et al. 2006). triangular emissivity pattern shown in panel a (thick sdite).

An observational detail that may be of great importance &he net PA (solid line in panel b) nearly followss, but not
that a single orthogonal-mode jump ¢at: 70° in Figs.[1b and exactly.
[Zb) separates the P2 from the double notches in B132A.
Therefore, if the notches are interpreted as the signafutieeo
bifurcated X-mode beam, the highly-polarised P2 (and also P
with its PA being an extrapolation of the linear trend observ
near P2) should be dominated by the O-mode emission in
form of the filled-in (non-bifurcated) beam. The bifurcatioof
the P1 and P2 should then probably be interpreted in termsZE)ri“
macroscopic properties of the emitter or in terms of propaga im

This can be understood, however, and does not pose a prob-
{ﬁgw for our model because the flux detected at any moment is
a convolution of several intrinsic signals (not to mentiba in-
mental noise) which can stronglffect the observed two-
ensional ¢, ) distributions. Specifically, the flux in each
effects. A possible origin of such macroscopic bifurcations hggﬁléggéz%g?gglriizggés;:gbrztlevr&%fe%tt)s(gaﬁigtrt?y];l);)ehdaquggs
been suggested in Dyks & Rudak (2015, see figure 12 therei nd two diferent (but closely located) emission points in the

. Our model of polaris;ation (based ona wide microbeam)i iagnetosphere. For example, at the phase C inFig. 5, one of
plies that any changes in flux in the profile must be unavo;dagne PA peaks originates from phase B, and another one from
accompanied by small deviations of PA from the RVM. Whe
the profile emission components extend for wide intervalls Erese PA peaks, only their average (closesty) will be de-
phase, and when the flux changes slowly, then the PA distQlzaple at any moment in single-pulse observations. Toere
tions are not visible as clear local features; however, ttéPA for the PA bifurcation to be visible even in the pure X mode,

is not likely to precisely follow the RVM-based value. Th i on_simultaneous contributions of flux from both phasesiho
shown in Fig[1b where the X-modg has the form of a wide ¢y During one star rotation, the flux at the considereasph

triangle (thick solid in panel a). The gradual distortiortieé net 41q have to be strongly dominated by emission from one
PA (flattening near the flux maximum) is visible in panel b. phase (e.g. B), during another rotation by the other phade (D
The bifurcation will be lost if the contributions are comphie

4.6. Double-peaked PA distributions and simultaneous. Since we discuss two nearby pulse phades a
o a laterally extended emission region, such temporal sépara

The presented model is supported by the existence of the biféf emission seems unlikely, which explains why the PA bifurc

cated features in the profiles of B18214A and J04374715. tions are not observed.

Superficially, however, one might expect a stronger supgort ~ Thus, to see the bifurcation, the flux which contributes to

come from a direct observation of the double-peaked PAidistpne PA peak has to be received irffeient pulses (or at least

butions, such as shown in grey in Fig. 5b. The peaks of the puiglifferent samples) than the flux which contributes to the other

X-mode PA distributions are separated Mjdyg/dg|, where PA peak. The PA values in both peaks may thereforefieet@d

A is the observed scale of double features. In most cases dig-the instrumental noise of fliérent sign or strength. This ad-

cussed befor@yg/dg| ~ 1, thus the separation is of the ordegitionally increases the fliculty of detection of the PA bifur-

of a few degrees. We have searched for the PA bifurcationsdation, even when the conditions of the previous paragragh a

J0437-4715 using the polarisation calibrated single-pulse dafalfilled.

described in detail in Ostowski et al. (2014). The searchuvas The detection may even be made mor#idilt by the si-

successful, even within this part of the profile which coméai multaneous emission in both polarisation modes. In thig cas

bifurcated features. we observe the instantaneous total PA determined by thedegr

ase D. If the two emitting points permanently contributéhb
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of their non-orthogonality (and by the relative amounts offb may be created by a single non-emitting plasma stream embed-
modes). ded in a laterally extended emission region, or as a dense ob-

We then conclude that the clear bifurcation of the X-modgcuring stream, located above the emission region (seefig. 1
PA, such as illustrated in Fil] 5b, is not likely to be detdate- in DRD10). If the bifurcation of the notches originates from
less several ‘purifying’ conditions are met. The main ctindi the extraordinary-mode nature of the microbeam, then time no
requires that the emission in each PA peak occurs in the abogmissive interpretation is favoured because the X-modm+ad
described successive way, belonging either to the first tingo tion does not interact with the plasma in the superstidifigl|d;
second PA peak. This is further complicated by the real-timme hence, it should not be absorbed or obscured. It is possibte t
strumental noise, and the possible contribution of the Oanodhe ‘dark’ stream is responsible for the giant pulses olkexkrv
Our model is then consistent with the ubiquitous lack of the Phear the centre of the notches (Figs. 1 and 2 in BPDR). The
bifurcations in pulsar data. stream may either be directly generating the giant pulse-emi
sion, or it may be reprocessing the background radiatiohef t
surrounding emitter, e.g. via scattering of the radio phstdn
either case the new type of radiation may hav@edént polari-
The issue of simultaneous emission of both polarisationesodsation properties from the surrounding background whiaficco
is related to the possibility of observation of several nomroduce the extra depolarisation. It is important to notat th
orthogonal PA stripes on the,() plane. This phenomenon issuch a contribution of extra emission at the centre of the dou
reported, for example, for B12325 observed at 327 MHz at theble notches can mislead our modellirfépets since the height of
Arecibo Observatory (Smith et al. 2013). A distinct PA sip the central maximum of double notches is the main factor whic
which looks like a wiggle which is not parallel to the PA stip determines the width of the void in emissivijy.
of the primary mode, is observed under the central companent  The model predicts that the intrinsic bifurcation of the PA
the profile of this object. If the primary mode is assumed te fodistribution at a fixed phase is unlikely to be detectabldéess
low the RVM, the distinct additional wiggle may be intergrét special conditions are satisfied. These include not onlpéaely
as the PA stripe corresponding to the simultaneous emisdiorpure X-mode emission (mostly free from the noise and the O
both modes. The primary PA stripe would then represent thede), but also a sequential (non-simultaneous) detectitunx
undisturbed PA of the primary mode emitted mostly alone.  from two nearby pulse longitudes (those which contribughea

In the simplest case there are three distinct situations A peak at a considered pulse phase). The proposed model is
which only the primary or secondary mode is emitted, or botherefore consistent with the lack of the PA bifurcationshia
modes are emitted simultaneously. Then at least three P&str pulsar data.
can be produced on the,(/) plane, one corresponding to the  Generally, the model illustrates the key importance of the
primary mode, another to the secondary mode (if it happemes tocircum-RVM distribution of PA for the shape of the average PA
emitted alone ), and a third stripe for the simultaneous sionis curve. Since the spread of PA at a fixed phase is intrinsis, it i
of both modes. The location of the last (non-RVM) stripe is devorth thinking in terms of a PA band or stripe instead of a PA
termined by the intrinsic degree of non-orthogonality dredrel-  curve. These fixed-phase PA distributions are unlikely tsyie-
ative flux in both modes. As shown in Melrose et al. (2006), fanetrical around the RVM-based value, and any small deviatio
a well-defined (sharp) extra PA stripe, the radiation emiie of one mode are amplified by the existence of the other palaris
multanously must be characterised by a preferred (frefjuent  tion mode. This can lead to large PA deflections in the average
curring) combination of these parameters. Otherwise thbd?A profiles, and to the PA randomisation in single pulses.
comes randomised (McKinnon and Stinebring 1998). Examples This work suggests that in several pulsars the angular scale
of such randomisation can sometimes be found in singlesputsf the microbeam is not negligible in comparison to the aagul
PA data; see e.g. the profile of B19421 in Hankins & Rankin gradients of emissivity in the emission region. Many obedrv
(2010) and . Thorough analysis of mode mixinteets is pre- distortions from the RVM may result from the microscopic PA
sented in van Straten & Tiburzi (in preparation). becoming recognizable despite the convolution with theiaba
extent of the emitter.

The data reproduction achieved through the by-eye fitting de
scribed in Secf]4 is qualitative only, and the main reasaon fo
To account for observed PA distortions, a CR-based model dhis are the guessed and simple formspefand . Instead,
be set up which assumes emission into a bifurcated beam ef nthre observed polarised intensity profiles likely do not espond
negligible angular extent and polarised at a fixed angle with to any simple analytical functions. For example, the natdhe
spect to the locaB-field. This elementary beam (a microbeamJ04374715 seem to coincide with a broad emission bump su-
is convolved with an emissivity profile which representsldte perposed on a monotonically declining flux, whereas the BTC
eral extent of the emission region, and it is supplement#d avi consists ofp, andn,, which cannot be described by a simple
contribution of the secondary polarisation mode. exponential or linear function. A possible solution to thieb-

A model of such a type is capable of qualitatively reproduéem would be to split the observed average profile into twtyful
ing the polarisation behaviour of several dissimilar feasuin polarised orthogonal modes, then deconvolve the microbeam
the profiles of B182424A and J043%#4715. This provides ad- from the mode-separated profiles to learn the approximate fo
ditional support for the stream-shaped geometry of thegpulof , andrn,. Another development that may be needed is a
emission region, and for the fan-shaped geometry of theapulthree-dimensional code capable of simulating an obligae tr
beams (Michel 1987; DRD10; DR12; Wang et al. 2014; Dyks &erse through the fan beams (hence including the appanantas
Rudak 2015). It also shows that CR is a useful mechanism foetry of the microbeam). Moreover, the single-pulse pdjnria
interpreting the pulsar radio emission. effects (Melrose et al. 2006) have already been shown to cru-

However, the model cannot reproduce the steepening of Bially affect the apparent polarisation. They seem to be the most
under emission components, nor the large drop in the pafarigmportant ingredient that may need to be included in the mod-
tion degree at the centre of notches in B1824. The notches elling to achieve close agreement with the data. Thus, tles-qu

4.7. Multiple PA bands in pulsars

5. Discussion
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tion of whether complicated average PA curves (such as thatvaang, P. F., Wang, C., & Han, J. L. 2015, MNRAS, 448, 771
J0437-4715) can be disentangled into their pure RVM form, rédright, G. A. E. 2004, MNRAS, 351, 813
mains open.
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