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Abstract. Averaged pulse profiles of three nearby pulsars: B1929 J04374715 and B095608 exhibit unusual ‘double
notches’. These W-like looking features consist of two e€lja V-shaped dips that approach each other at increasssgwatiion
frequencyvgpsroughly at a raté o vgéf, whereA is the separation between the notches’ minima. We show #sit properties
of the notches, namely their W-like look and the rate of teeinverging can be understood within a narrow class of maufels
coherent radio emission from pulsars: the free electroremmasdels based on coherent inverse Compton scatteringalfgda
oscillations of ambient electric field. The observed prépsrof the pulsars imply that the Fourier spectrum of theghég
like oscillations is narrow and that the broad-band charaaf the radio emission reflects the width of the electrorrggne
distribution. Such a model provides a natural explanatioritfe frequency-independent separation between the mka and
interpulse of B095808 as well as for the lack of radius to frequency mapping incthgal-like emission of J0434715. The
frequency behaviour of the main pulse in the profile of the faidio magnetar XTE J183197 can also be explained within
this model.

Key words. pulsars: general — pulsars: individual: B1929 — J0437-4715 — B095@®8 — XTE J1810-197 — Radiation mech-
anisms: non-thermal
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(0 1. Introduction 2001). This is the opposite shift direction than expected -

ward emission from a rotating magnetosphere (Blaskiewicz,

= Double notches are pairs of adjacent V-shaped dips QR5qes & Wassermann 1991). 3c) The behaviour of the po-
>< served in the averaged pulse profiles of three nearby pulsaf§,, angle is not very dierent from the predictions of the
= PSR B192610 (Rankin & Rathnasree 1997), JO43715 rotating vector model (RVM, Radhakrishnan & Cooke 1969),

(Navarro ?t al. 1997' hereafter NMSKB) and BO9%5@B _which is puzzling because of 1) and 2), The properties 1) and
(McLaughlin & Rankin 2004, hereafter MR04). The most str|k2

\ . o g suggest that the pedestal radio emission may originate fr
ing property of the notches |s_th_at they ha_ve th_e '””'9“"1 cations in the magnetosphere that have little to do with th
“W” look: both notches have similar (if not identical) width

o : : X standard radio emission region. The closed field line region
W which is approximately equal to their separatidn The

. X . X extremely large altitudes, comparable to, or larger tRarare
separation decreases for increasing observation fregugic

905 not excluded. In the case of J043%715 the notches are lo-
(NM_SKB)' _The notches do notizct the degree of l30l‘rjlr'z‘?‘t'oncated in a wing of a seemingly conal component. However, the
nor its position angle.

o conal-like components in J0434715 also exhibit some spe-
‘ Rema,rkab_ly,_the notches reside in weak and extendgg| properties, eg. they do not follow the radius to frequen
pedestal’ emission that exhibits many unusual properti¢s apping. Inferences of this paper refer to this special siadle

it is observed far from the main pulse (MP), 2) covers long§ conal emission and should probably be not extended to all
intervals of pulse longitude, and 3) shows three strangarpolnown emission components, eg. the core components.
ization characteristics: 3a) It is very strongly linearblarized

($100% for B1929-10). 3b) The S-shaped position angle curve  EXisting models of double notches interpret them as a dou-
fitted to the pedestal emission only (with the MP excluded) e eclipse of an extended emission region by a single ab-

shiftedleftward with respect to the MP (eg. Everett & Weisbergorber. The doubleness of such eclipse is caused by combined
effects of diferential (altitude-dependent) aberration and prop-

Send offprint requests to: J. Dyks agation time delays within the spatially extended emission
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region (Wright 2004). The absorljeclipter may corotate in
outer parts of pulsar magnetosphere (Wright) or remain s 101

j2]
tionary at the center of the magnetosphere (Dyks et al. 201 € .
hereafter DFSRZ). £ I
The models based on thefigirential special relativistic ef- — 06[
fects suifer from two main problems: 1) They provide no ob % 0_4:_
vious reason for the W shape of the notches. Our prelimina s E
simplified calculations of pulse profiles for one versionwdls 3 02f g

model (with the pulsar as the eclipter, DFSRZ) failed to pr¢ 0_0:
duce the W shape. 2) The large radial extent of the emissi
region in these models and the strong causfiieats associ-
ated with the mechanism of the double eclipse should lead
rapid, complicated variations of position angle and strdag
polarization (Dyks et al. 2004a). None of them is observed (
J04374715 they must be caused by interaction of orthogor
polarization modes.) The simple property thét= A is an ex-
tremely strong constraint on any physical model of the netch
and our main goal was to devise one that fulfills this requir
ment. In Section 2 we present the observed properties ofldou
notches of B192910 and compare it to the other pulsars. i
Section 3 we describe a general principle of our model and t
numerical code used to calculate modelled shapes of notct
Section 4 describes how the look of modelled notches depel
on various model parameters. Sec. 5 furnishes our model w
physics and compares it with the observations.
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2. The double notches of PSR B1929 +10 pulse phase [deg]

Pulsar B192910is a very _useful object for studying the douFig. 1. Averaged pulse profiles of B19290 (all lines present the total
ble notches because: 1) its notches are located far from {fyg) a) Three representations of the 327-MHz profile that show how
other strong emission components (MP, interpulse) ande?) the baseline level fiects the depttD, of the notches. The top line
emission is strongly linearly polarizeds (100% Rankin & has the minimum recorded flux, set at 00013 yax Which results in
Rathnasree 1997). Both properties ensure that the pedeBtak 20%. The notches are much deepgy, & 37%) if the profile is
emission within and around the notches is not contaminateddfiown in normal way (thin middle line withy, = 0) . For both these
contributions from dierent emission regions. In this sectiorofilesima = 250. The profile at the bottom higax = 1 andlmin =
we report new observations of B19280 performed by one of 0-0013max. b) Double notches at threeftirent frequenciegps. Thg
us (JR) at Arecibo Observatory at frequencies 327 MH¥7 1 h?é:;g[gg'bza;qbe(g"‘;oi'e nOtCh%S?)Zoﬂ’fH?eH;hZi ':é':};ii?iasrzt:éﬂ
. : ; . 327MHz = 9.90".
Snl_(ijz,Zggclj\/lll-?zGHz with the respective bandwidths of 25, 1Og1at the MP ma_xima at.17 a_nd 15 GHz lag the MF_’ maximum at 327
. ) . MHz by 0.8°. Different vertical scales and baseline levels were used

Fig. 1a presents the averaged pulse _proflle of B1429 at differentyyp for viewing purposes.
at 327 MHz. The double notches are visiblegat= 1035°.
It will become clear below that a particularly constrainimar
rameter for theoretical models is the defth of the notches. level from PL85. The actual error may be largei ifin/lmax
Unfortunately, this quantity is also the mosfiiult to deter- is strongly frequency dependent. The top two lines are mul-
mine from observations because it depends on the amountiplied by a normalization factor that sets the maximum ob-
flux received from the pulsar at the lowest (dimmest) poiserved fluximax at 250 (beyond the figure) to reveal the shape
of its pulse profile. This ‘unpulsed emission’ was detected df the weak pedestal emission. For the third, bottom pulee pr
B1929+10 via phase-resolved interferometric observations file Imax = 1 andlmin/Imax = 1.5-1073. The upper two curvesil-
408 MHz (Perry & Lyne 1985, hereafter PL85). lustrate how strongly the derived depth of the notches dipen

To account for the depth measurement problem Fig. 1a rem the baseline level: the tiny shift of the baseline fronozer
resents the profile in a few fiierent ways: The middle line up to 15 - 10731, decrease®, from nearly 40% (middle
(thin) is represented in the usual way, with the zero of tlmirve) down to 20% (top). Interestingly, the flux of the padks
y-axis at the leveln, of the lowest place in the pulse pro-emission increases roughly linearly with time (angle) rtbar
file, which we take as an average of data within the phasetches.
range €90, -80). For the top line we assumed that, = The 327-MHz pulse profile consists of two observations
(15-103% + 1.5-10% Imax ie. we take the same ratio of(12238 and 18835 single pulses long). A comparison of av-
Imin/ Imax @t 327 MHz as observed by PL85 at 408 MHz. Theraged pulse profiles for these two pulse sequences suggests
error bar atp = 90° marks the 2 error of the baseline that the relative intensity of the various weak structumes i
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discerned in published figures that present time-alignefilps

at different frequencies. From fig. 2 of Kuzmin et al. (1998),
that was obtained for DM= 3.18 pc cnT3, one can estimate
Admp =~ 1.3°. In fig. 12 of Hankins & Rankin (2006 ¢mp =~

0.3° for DM = 3.176 pc cm®. Interestingly, the shift of @°

puts into perfect alignmertioth the notches and the maxi-
mum of the interpulse. Given that the shape of the MP changes
strongly between 0.4 and 1.4 GHz, it is reasonable to assume
that the phase location of the MP maximum in B1929 is
frequency dependent whereas the location of notches is. fixed
Position of double notches definitely does not depend on fre-
quency in J043%4715 (NMSKB) nor in B095608 (MR04).

All existing observations of notches are then consistett wi
their location in pulse profiles being frequency-indeperdé
physical explanation for this will be proposed in Section 5.

[arb. units]

total power

data-fit+1, data/fit

Fig. 2 presents a zoom into the same 327-MHz notches as
shown in Fig. 1la (top curve). Note that their appearancesfesp
cially the sharpness) is very sensitive to the assumed ramge
both the vertical and horizontal axis. Panel 2a presents-a li
ear fit to the marked data points around the notches (citcles)
The depth®D,, are measured between this fit and the notches’
minima as marked with the outer vertical lines. The result is
D! = (20.2+1)% for the leading notch ard, = (21.8+1)% for
the trailing one (when expressed in percent, the depth afengi
notch is normalized by the value of the linear fit at the phase a
which the notch has the minimumg2rrors are used through-

3 out this paper). In Fig. 2b the linear fit is subtracted from th
80 85 90 95 100 105 110 115 data in two ways: the thin line represents dafé + 1, whereas
pulse phase [deg] the thick line shows the ratio dafé. In either case, the lead-
ing notch (located in the weaker emission) is shallower than
Fig.2. A zoom into the 327 MHz notches of B19280 (expanded trailing notch in the stronger emission. The asymmetry fiald
part of the top line in Fig. 1a). The circled points & have been highervops With ¢ = 0 set at the MP maximum, the notches are
used to fit the linear variations of flux around the notchesnWasure |gcated atp = 1009 + 0.07° and¢; = 10625+ 0.06°, ie. they

the depth of notche®, along the outer vertical lines; the separation o separated by.36 + 0.1°. The center of W lags the MP by
A is the horizontal distance between thdm.The notches with the 1035+ 0.1°

linear trend removed. The thin line shows datfit + 1; the thick line

presents the ratio dafiit. The leading notch is slightly less deep than ~ An important feature that strongly constrains the theoaéti

the trailing onec) One of model profiles (thick solid) obtained for themodels is that the maximum between the double notches (at
a|| v case withy = 10 plotted over the data. The modelled notches atRe center of the ‘W’) nearly (but not exactly) reaches tivele
some-~ 10 times shallower than the observed ones. The thin sokd lifhterpolated with the linear fit. The data point marked in. Rig

prﬁ.sﬁms Lhe Sra]‘me rgoclzlle:jresulth after a Iin.ealllr rescz::ingeoy-ﬁ{xis, with the central vertical lineg( = 1035°) is 2.6% below the fit
which makes the modelled notches quite similar to the data. level, ie. it misses the fit by 10% of D

total power [arb. units]

the pedestal may vary in time. The valuesf derived for 2.1. Notches in other pulsars

these two observations are equal to 17% and 24% (assuming

Imin/Imax from PL85). It is hard to tell whether this is causegh the millisecond pulsar J0434715 the emission with

by scintillation or intrinsic variability. notches is stronger(8% of I nax at 438 MHz) and a bit less po-
Fig. 1b shows the frequency evolution of a part of thiarized ¢ 70%) than in the case of B192%20. The notches ac-

profile. The notches approach each other .47 IGHz (mid- tually seem to be carved out of the trailing wing of a prominen

dle curve) and seem to be merged into a single featurebat trailing component in the main pulse (see figures in NMSKB).

GHz (bottom). Note that each of the profiles in Fig. 1b hat sub-GHz frequencies the top of the trailing component is

undergone dferent linear transformation to fit a single plotsplit into two maxima separated by a single/diptch. This bi-

ting box (no meaning should be attached to the depth of thecated top is probably bright enough (at least@t < 400

notches). The profiles were phase-aligned in such a way thitiz) to be studied on a single pulse basis (see Sec. 5.2). We

the MP maximum of the 327-MHz profile in our Fig. 1b preare not aware of a baseline flux measurement for this object,

cedes in phase the MP maximum of the 1.4-GHz profile lsp that only the upper limit of 50% for the notch depth can

A¢pp =~ 0.8°.Similar misalignment of the MP maxima can bée estimated. If the unpulsed flux from this pulsar is compara
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ble to a few percent dfax then the actuab, is considerably wheres = v/c is the electron speed in units of the speed of
smaller. light and the approximation holds fer> 1. In this version of
As in the case of B192010 the double notches inthe modelthe observed separation of the double notchesis:

J043 74715 approach each other for increasing frequepgy A 20r 2 ~ 08944 1 5
though they are still separable in the high quali§*GHz pulse = ™ sing ~ V5 ysing " ysing ; (2)

profile of NMSKB. The split at the top of the trailing com- . o . .
ponent also gets narrower at increasing frequency and lodaeres is the viewing angle measured from the rotation axis,

nearly like a single feature atS.GHz the factor ¥ sin{ takes into account the ‘not a great circle’ ef-

. ) i fect (eg. Dyks, Rudak & Harding 2004b), and the latter ap-

On the theoretical side, the pulse profile of J048715 o imation holds with accuracy better than 10% for any ang|

may be more diicult to model because its magnetosphere gs» _ ¢ < 128. The equation is approximate in that it does
much smallerP = 5.76 ms,R. = 27.5- 1° cm) than that of

e "' not take into account the angbebetween the hole axis and the
B1929+10 (P = 0.2265 SR, = 1080 10°cm) so that the radio jjne of sight. Numerical results of the next section tell batt

emission has a larger probability of beinfiexted by general yis ‘hole impact angle’ does noffactA as long as the notches
relativistic efects. have the W-like shape (see Fig. 4d). Eq. (2) is valid for treeca
Observations of BO95@08 performed by MR04 at 430 of the emission region with a hole (Fig. 3a). Note that aceord
MHz give D, ~ 10— 16% and PL85 report negligible amountsng to eq. (2) the observed magnitude/of~ 2° — 6° implies
of unpulsed emission for this object at a similar frequencyorentz factors of the order of 10, which is a value estimated
However, the notches of B09508 are located close to the MP,on independent grounds in pulsar models based on the paralle
in a region probably contaminated by several types of eomissi acceleration (eg. the ALAE model of Melrose 1978 or CICS
as the low polarization degree suggests. It is thereforexot model of Schopper et al. 2002).
cluded that the actudD, is larger than given above. On the 2) The elementary beam has the hollow cone shape also
other hand, the weak emission components in B@@8have when high-energy electrony (> 10) are accelerated per-
been reported to vary on a time scale of several days (MROg&ndicularly @& 1 v) but most of them have non-negligible
and it is hard to tell at what stage of this variability the @bs pitch angley > 1/vy (see eg. fig. 6.5 in Rybicki & Lightman
vations of PL85 were done. The notches of BO868 seem 1979). In this casér = ¥max, Whereymay is the pitch angle
fairly blurred at high frequencies (see inset in fig. 3 in MiRO4 for which the distribution of electrons(y) has a maximum.
The non-zero pitch angle requires low magnetic field, such
as is present at large altitudes, comparabl&gto(Lyubarski
& Petrova 1998; Malov & Machabeli 2001; Petrova 2003;
3. The model Harding et al. 2005) as well as at lower altitudes in the selt-
ond pulsars (eg. J0434715). In spite of some positive fea-
The model postulates an emission region with large extentijftes (see. Appendix A), the pitch angle version of our model

rotational azimuthp (extent in the rotational colatitud®and s |ess successful in reproducing the data and is disfaviored
in the radial distance are not essential for the general prinCithis paper.

ple of the model, though they ddfact results — see Sect. 4.4).

The key assumption is that on a microscopic scale the region

radiates a hollow cone beam along a local direction of mag:1- The numerical code

netic field B. A single hole in the emission region produces fihe numerical code to simulate the notches assumes: 1) spe-
cone of reduced emission, as shown in Fig. 3a. The notches gap geometry and size of the emission region; 2) specific ge-
be observed when the observer’s line of sight cuts through '@metry and size of the hofiissure or absorber; 3) the structure
cone. A single absorber between an observer and the sourcgfghe magnetic field within the emission region, eg. dipolar
radio emission will act in a similar way (Fig. 3b). The part ofagial (swept out by wind) or toroidal (sweepback); 4) the ge
the emission region that is “half-hidden” from the obseiv@s  gmetry of the elementary emission beam; in the caa it is
the shape of aring. Its crossection is marked with ‘d"in Blg.  calculated directly from the classical electrodynamiasrio-
There are at least two reasons for which the elementdag (eg. eq. 4.101 in Rybicki & Lightman 1979) for a selected
emission beam can have the hollow cone shape: value ofy (we do not integrate over the electron-energy distri-
1) Electrons may be accelerated along their velouityf a bution). In the case of L a we assume the shape of the pitch
and the radio emission observed in the pedestal can be duangle distribution (egne o« ¢ expl-y¥?/¥ma], as in Epstein
this acceleration (Melrose 1978; Kunzl et al. 1998; Schoppe 1973), and integrate the single electron ‘pencil’ beamsdi-r
al. 2002; Levinson et al. 2005). In this case the openingeangition over the pitch angle distribution to get the “elemeyita
of the elementary bean#R ~ 1/y, wherey ~ 10 is the Lorentz emission beam for a fixed value pfNext, the emission region
factor of the electrons. More exactly the emitted intenlsitg a is divided into a large number of tiny fragments, each of Whic
maximum at the angle is equipped with its own elementary beam. An observer latate
at a viewing anglé€ is selected and a lightcurve is calculated by
integration over the source for each pulse longitude (theel
(L+2439)Y2 -1 11 1 where the observer’s line of sight enters the elementarmbiea
T] V5’ y ~ 04472 Y @) determined individually for each fragment of the sourcdje T

Or = arccos[
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Fig.3. The principle of our model.
The plane of rotational equator for a
pulsar with dipole inclinationa =
90> chosen for simplicity is shown.
The thick solid arc is the crossection
through a two-dimensional emission re-
gion. Crossections through several hol-
low cone elementary beams of radio
emission are indicated. The observer is
located near the plane of the figure. The
dotted curves mark the dipolar mag-
netic field lines. Ina the notches form
because of the hole in the emission re-
gion. In b they are created by a single
absorber above the region (marked with
bullet). The small letters help to asso-
ciate diferent points of emission region
with pulse phase at which the radiation
emitted from them is observed.

symmetry axis of the elementary beams is assumed to point The angular distancé, of the hole from the rotation axis

along the local magnetic fielB in the corotating frame. The and the dipole inclinatiomr have little dfect on the shape of

aberration and propagation time delays are neglected becawptches, except from blowing them up by the factpsihgy.

of the fixed emission altitude. Therefore, in all cases presented in this paper we assurhe tha
On = @ = 9C°. The emission region in all simulations of notches

. . is a fragment of a sphere that extends significantly boghend
To integrate the received flux over the electron-energy digirection (A6 = A6 = 106R).

tribution one needs to know how the coherent emissiwviy a

specific frequencyqps depends on the electron Lorentz factor

v. This depends on the radio emissicsherency mechanism4, Numerical results

that actually works in pulsar magnetosphere. Even for a spe- ) ) o

cific emission mechanism, the dependencdgfat a fixedvgps e have_ modelled numerous conflguratlons_ WIMBnt hqle
may be completely dierent for diferent values ofops Let us 9e0Metries, at_)sorb@—ﬁeld structure and with various PItCh
take the noncoherent curvature radiation (that certaiampot angle distributionse(y). In general, results are sensitive to
be responsible for the emission with notches) as an exampiglk geometrjtopology of theB-field and emissiofabsorption
Well below the maximum in the curvature spectrum« veg)  €9ion. In the pitch angle case they also depend on the form of
the emissivity does not depend gnwhereas above the max-functionne(y).

imum (in the region of the exponential cuffpit becomes ex-

tremely sensitive to itecr o exp[-const - y™°] - y"Y2. For 4 1 The parallel acceleration case — a hole in the

a weak dependence afy) the integration over the electron dipolar B-field

energy distribution could significantly blur the notchesisl

therefore very important that in the model of the parallelec  Fig. 4 presents results obtained for a circular hole in theldr
eration maser based on the coherent scattering of the ‘ariggimagnetic field (the case || a with y = 10). In 4a the hole is
like’ field, the emissivity is tightly focused aroumghs ~ y*vug  centered at the dipole axig & 0), and its angular radiys,
(see left panel of fig. 4 in Schopper et al. 2002), wheig is  increases from.Q to 336r (top to bottom). The observer was
the frequency of oscillations of the ambient electric field.  located at a ‘hole impact anglb’= 6,—¢ = 90° - ¢ = 0, ie. the
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line of sight sweeps through the hole’s center. fipk 0.30r As we show in Appendix A one can increase the depth of

the notches have the ‘W’-like shape similar to the observedtches up te- 20% in the pitch angle scenario by varying the

one, with the flux at the center of the ‘W’ at nearly the sanfenction ns(y). However, this is usually associated with con-

level as beyond the notches. An importarffelience between siderable deformation of their shape. Modelled notcheb wit

these cases and observations is that the depth of the moddksuth and shape reasonably similar to the observed one can be

notches does not exceed a few percent, in comparison witbtaained only after application of artificial “linear resiog” of

few tens of percent tentatively derived from observatiditis model lightcurves. Fig. 2¢ shows the result of such transfor

is a major concern for the present version of the model and wihation for the parallel acceleration case. The thick linghwi

be discussed below. For a larggrthe central flux drops down dots shows the observed 327-MHz notches of BAZBwith

until a single wide “notch” with an initially flat bottom appes the baseline level corrected according to the 410-MHz mea-

atpp ~ 0.76R. surement of PL85. The thick solid line with the very shallow
In 4b the top four curves from 4a are replotted with Botches is the second-from-top result from Fig. 4c aftera mi

stretched y-axis. This shows how sensitive the appearaincd® reflection and horizontal shift has been applied to itffwi

the notches is to the selected viewing method. The stroR@ rescaling in any axis). The thin solid line in Fig. 2c is the

stretch of the y-axis produces the falEof flux for the increas- Same model result after a linear rescaling/aixis. This exer-

ing |¢|. This occurs because the dipolar magnetic field lines &€ iS to check whether the shape of the rescaled notches in

more spreaded at larger magnetic colatitugiesieasured from theall v case bears any resemblanf:e to the observed ones. The

the dipole axis (so that a smaller number of lines are pantifgreement is moderate: the outer sides of the modelledemtch

towards a unit solid angle at increasifig whereas the emis- '€ less steep than the observed one.

sivity of the emission region is assumed to be uniform per uni

surface). Note that a similar stretch of the y-axis may be un-

knowlingly applied to plots that show the observed pulse prg. 2. Geometry of the hole/absorber
files if the baseline level has been overestimated (Fig. 1a).

Fig. 4c shows thefect of a non-axisymmetric location OfThe geometry of the hole or absorber is the next important fac

th_e hole: the dipole axis has be_en rotated by the angle30° tor that dfects the shape and depth of the notches. We have
with respect to the line connecting the centers of the hote 8lbnsidered a few cases that produce deeper notches. However
star (see Fig. 3a). According to the basics of dipolar field g P b - 10

ometry, the notches moved fo~ 0.56. The displacement of fhis has always been accompanied by the deformation of their

the hole df the dipole axis results in moderate asymmetry spape. An obvious way to make the notches deeper is to ex-

the notches’ shape. The approximately linear decrease»of f Sr.]d the hole in the direction perpendicular to the rotation

. : : : azimuth. This, however, strongly decreases the flux at the W
ﬁrr]zl;nd the notchesis caused by the increasing spredield center (Fig. 5, thin line). Much the same result is obtainbdmv

_ _ o an elongated absorber (dense plasma stream?) is placegl abov

Fig. 4d presents the shape of notches féiedent viewing the emission region. A desperate way to avoid the decreased
angles/ = 6h—band the other parametefs(y) the same as in central flux is to assume an opaqthen wall/fin protruding
the second-from-top case in panel c. Bor 0.36x the ‘W'-like  from the emission region upward. Such configuration can pro-
notches can be observed. For largeheir shape evolves into gyce very deep notches with the central flux fieeted (if the
a single dip. Interestingly, the separation between theh&st fi, s thin). However, the notches have a shagféedént than
practically does not depend dnas long ash < 0.76r. The ohserved 4 < W) and become extremely asymmetric if the
separation starts to decrease onlyliot 6, ie. when the flux fin js located asymmetrically in the dipolar magnetic fieldf (o
at the W center becomes nearly as low as at the notches’ Mifis dipole axis). Though the fin cannot be responsible for the
ima. This property allows us to ignore the ratioitr in €9. 2 gpserved notches (and it would be hard to justify its origin)
as well as in the discussion of the frequency dependende ofhis case shows that a geometric configuration that gives dee
in Section 5 below (note thal/6x can change withvoss for @ notches with the urféected central flux is possible.
single object viewed by a fixed observer).

For the increasing = 10, 20, 40 the modelled notches ap-
proach each other, the flux at the W center decreases, and tﬁle‘;’y Maanetic field aeometr
finally merge into a single feature (solid lines in panels d an™ " g g y
f of Fig. 4). This resembles the behaviour observed fiedi
ent frequencies (Fig. 1b). It can be directly interpretethimi In addition to the dipolaB we have considered the radial and
our model if radiation at higher frequencies is mainly genetoroidal magnetic field. The radial field has similar geometr
ated by electrons with larger Lorentz factorThe depth of the to the dipolar field near the dipole axis and it produced simil
modelled feature increases when the notches merge. This desults. The toroidal fieldByx = cos¢, By = sing, B, = 0) was
not seem to happen in the data (Fig. 1b) although the baseloasidered as the idealized model of the swept-back, Rgar-
level at the 117 and 15 GHz is not known. As we show in magnetic field. The direction of sudB at a fixed azimuth is
the next section, however, the interpretation is suppodfiear independent of so that all parts of the extended source that are
geometric idea is supplied with the physics of parallel &ree located at the meridian selected by the line of sight conteb
ation maser. equally to the observed flux. This tends to decrdase
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a)7 100} )
I AR s ) _
z o 0N o Pn ] Fig.4. Notches modelled for a hole in
8 957 0227 0961 0[_215 1[,1"1] the dipolarB-field for the casea || v.
X 113 & osr 027 @) The dfect of increasing hole radius
* a3 6@ 114 04] 5 fory = 10,b = 90° — £ = 0 and
% 1571 ool § = 0, ie. with the hole centered at the
5.72 222 y . .
859 334 dipole axis (top to bottom)) Top four
S 0:80 Lottt bbb curves from a) replotted with a rescaled
10 0 10 20 30 10 O 10 20 30 10 20 30 40 50 vertical axis.c) Same as b) but with
.. "d)] ' the hole located fi-axis ¢ = 30°). d)
The dfect of increasing ‘impact’ angle
0861 b for pn = 0.2208 andy = 10.¢€) The
£ 004} b b effect of increasingy for p, = 0.57°
2 1 163 . .
3 000 000 andb = 0 (solid curves). The lines
x 092 057 022 ] .
2 114 044 for y = 10 and 20 were linearly trans-
1.71 0.66
090 28 1117 formed and replotted as the dotted and
osal 572 222 | dashed curves, respectivefy.Same as
e) but forb = 0.57°. Unlike in many fig-
S 08 B 08 that shovobserved pulse profiles
10 20 30 40 50 5 10 15 20 25 5 10 15 20 25 yres . P . p !
e 6 e in all cases shown with solid lines the
zero of y-axes corresponds to ‘no flux'.
4.4. Emitter’'s geometry JoF T
oL —

Our present choice of the emitter was dictated by two fac

1) the weak pedestal emission that contains the notches c

ers a very large range of pulse phase. This implies that 1 44
angular extent of the emitter must be largeginand conse-

quently in 6. A negligible extent ind would make the detec-

tion of the emission less probable, whereas the extendest er

sion components seem to be quite common among the n¢= 0.8
est and brightest pulsars. From the inspection of profiles
the EPN pulsar data base one can learn that within the ¢
tance of the furthest pulsar with notches (B1929 at 036
kpc) only 50% of pulsars in the ATNF catalogue (Manchest
et al. 2005) has the radio emission limited to a narrow rarige
pulse phase (few tens of degrees), and some objects halye re
wild pulse profiles (eg. J2128358, Manchester & Han 2004). 0.6
2) The PA curve for the pedestal emission closely follows tt

curve of Komesarfd (1970) which probably implies that the 3
source is not very extended in the radial directian & Ry). 05F v . L, Lt L, ]
Nevertheless, the only emitter that we have managed to c
sider so far (ie. the part of spherical surface shown in Fjg.
surely does not exhaust all the possible configurationsctrat
produce the extended pedestal and have a reasonablea®tegf, 5 podelled double notches for a meridionally extended fissure
probability. While simulations for other emitters are lpaoN-  (thin line) and for a meridionally extended fin that protradertically
sidered, we turn to the observational consequences ofglysiipward from the emission region (thick line). The notchegeHarge
aspects of the model. depth but their shapes do not resemble the observed one.

@
@ fissure
©
x
=]
[T

0.7

fin

LI L L L L N L BB LU

5. Model versus observations 3. The width of the notches tends to be equal to their separa-

tion
Based on a large number of numerical results, we find that a few
key features of model notches agree well with the obsematio The list can be considerably extended if our simple ideais su

S plemented with the physics of a specific version of a free-elec
1. Whenever the sightline cuts through the cone of reducggn maser:

emission the calculated profiles tend to have two min-
ima/notches; 4. If the emission at a higher frequengys is mainly gener-
2. Both notches have similar depth; ated by electrons with larger Lorentz factors, then the el-
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ementary emission beam is narrower at larggg which should not change withgps. This is in perfect agreement
directly implies that the separation of notches is smaller, with the frequency independence of the separation between
as is indeed observed. In the caseadf v, the elementary the interpulse (IP) and main pulse in BOS8XB (Hankins &
beam becomes narrower simply because of eq. (1). Cordes 1981). The interpulse is connected with a bridge of
According to some models of pulsars (eg. Melrose 1978; low intensity emission with leading components of the MP.
Schopper et al. 2002; Levinson et al. 2005) the ambient All the components likely have the same origin because
electric field and plasma density within emission region(s) they exhibit similar long term variability (cf. figs. 1 andr2 i

in pulsar magnetosphere tend to oscillate with a frequency MR04) as well as similar (low) intensities of single pulses
vug that can result either from global magnetospheric elec- (Nowakowski 2003). Therefore, it is probable that the en-
trodynamics (eg. Sturrock 1971; Levinson et al. 2005) or tire stretch of emission that includes the IP and the ‘nadche
can be locally excited by streams of energetic electrons bump’ ahead of MP is generated by the inverse Compton
penetrating the ambient plasma (eg. Schopper et al. 2002). parallel acceleration masdhus, we are surprised to real-
Hereafter we call this frequency a ‘wiggler’ frequency by izethat the issue of whether the MP-IP separation does (or

a rough analogy with the laboratory free electron laser doesnot) depend on veps hasnothingto do with the problem
(FEL).! In the free electron maser models of coherent ra- of whether we see one pole or two poles. However, since
dio emission from pulsars the observed radio emission can some parallel acceleration models have inherently buailt-i
be considered as the Compton scattered (and blueshifted)two-directional emission (eg. Levinson et al. 2005), it is
wiggler frequencyyg: still reasonable to interpret the structure formed by the IP
bridge and MP in BO950 within the two-directional emitter
scenario (Dyks et al. 2005b; Fowler & Wright 1982; Cheng
What are the spectra of andvug is a dificult question, & Ruderman 1977). This speculation needs to be verified
but one simple and seemingly natural possibility is that by detailed modelling.

the electron energy distribution is much broader than th& For the same reason (broad band radio emission caused by
Fourier spectrum of the wiggler oscillations, igyg ~ electron energy distribution) the conal-like components i
const in eq. (3) for a given object. In this caseigrentvops J0437-4715 do not exhibit any sign of radius-to-frequency
can be associated with the inverse-Compton scattering of mapping over a very wide frequency range (McConnell et
the same wiggler frequeney,q by electrons with dferent al. 1996; NMSKB). McConnell et al. (1996) report an in-
Lorentz factors. This implies (from eqgs. 2 and 3) that the trinsic low-frequency spectral turnover around.00 MHz
separation of double structures should decrease with fre- which can be associated within our model with a lower

Vobs = '}’ZngI- (3)

quency according to boundary of the electron energy distribution gk, =
1/2 6/ sin/. It is worth mentioning that belowgps = vwg|y%in
N 4 1 (vag -1/2 . —1/2
*VEsing \vee) VoS 4) the relationA o v\ is not expected to hold.
obs

7. The oscillations of ambierfE may be far from stable on

This dependence is in good agreement with the observed|ong time scales. Evolution or disturbances of the oscil-
behaviour of the notches atftérent frequencies. Fig. 6  |ation frequency (broadening of the oscillation spectrum)
presentd\ as a function ofops as estimated from the pub-  \yould smear the notches. This is qualitatively consistent
lished data on JO434715 (NMSKB, Jenet et al. 1998)  \jth the observed temporal variations of the shape of dou-

and B1928-10 (MRO04; this work). The magnitudes of ble notches (MR04; did Phillips 1990 see the notches? —
for JO4374715 (panels andb) have been estimated from  see fig. 2 therein, and comments in Rankin & Rathnasree

considerable enlargements of published figures. The ‘error 1997 or MR04).

bars have the magnitude 0% ofA. The+10%errorisalso g, |fthe emission is indeed caused by the parallel accéberat
marked in Fig. 2a with the vertical grey bands. One can see there should be a chance (provided that the macrosopic ge-

that this error encompasses a fairly large range of phase ometry of the emission region is suitable) to see the elemen-
around the notches’ minima. Therefore, the error bars cor- tary hollow conen emission. There is indeed bifurcated

respond to a high confidence level. For B1929 (panet) emission component seen in the same interval of emission
we marked 2 errors. _ that contains the double notchesin J0437-4715 (see fig. 1

5. The model expressed by eq. (4) assumes thitgrdnt ra-  jn NMSKB). Bifurcated components observed in some pul-
dio frequencies are generated by electrons that hdierdi sars (eg., also for the millisecond PSR J103207, see

ent energy but occupy the same emission region. This is fig. 1 in Xilouris et al. 1998, or for the radio magnetar XTE
in clear contrast to the traditional view according to which  31816-197, see fig. 1 in Camilo et al. 2006) may result
differentvops originate from diferent altitudes with dier- from the cut of our line of sight through emission from
ent electron plasma frequency, ie. are associated with vari sych a region. In Fig. 7 we present a modelled lightcurve
ations ofvyg in eq. (4). Our model predicts then that lo-  for an elongated emission region that was thin in the az-
cations of emission components in averaged pulse profiles jmyth direction A¢ = 0.36r) but very elongated in colat-
1 Unlike in the device, in the models mentioned above the wig- itude (A@ = 104r). This configuration can be considered
gler field is oscillating parallel to locaB-field and electron velocity. to be a zeroth order approximation of a trailing side of a

Perpendicular wiggler oscillations have also been consitiin the ring centered at the dipole axis. One can see that the large
context of pulsars (see Fung & Kuijpers 2004).
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Fig.6. Observed separation of dou-
ble notches as a function of frequency
vobs for J04374715 @) and B1929-10

1 (¢). The middle panel is for the trailing
bifurcated component in J0432715.
The error bars ing) and ) have the
magnitude of+10% of A, shown in

1 Fig. 2a as the vertical grey bands. ) (
the 2r errors are shown. The straight
lines mark the relatiom o v,/ pre-
dicted by eq. (4). The open circle for the
1 lowest frequency point of J0434715
refers to the separation of notches in
the averaged profile of linearly polar-
ized radiation L. The data are from

4.0 [T T T T T T T T T T T T T T T T
J0437-4715 J0437-4715 B1929+10
trailing split
0.8 b b
0.6 b
<
(o))
kel
0.4r b
0.2 b
0.5 0.5
Aoy 05 Aoy
obs - obs
Aoc’Vobs
a) b) c)
0.0 Lvwn b b b b b b b b b b b
2.5 3.0 3.5 25 3.0 3.5 2.5 3.0 3.5
log v, [MHz] log v, [MHz] logv,,. [MHZz]
BRERER a BB
b b
[’] [6R]
2 0.00 0.00 -
g 0.25 010 1
kel 0.51 0.20
] 0.77 0.30
(e -
1.02 0.40
1.28 050 1
1.92 0.75
257 1.00
3.85 150
i ; ; -1/2
sistent with thev__
(011 )] SN B NPT A
-10 0 10 20 30

¢l

Fig. 7. Modelled pulse profile for an emission region considerakly e
tended in the rotational colatitudg A9 > 6r, A¢ < 6r). The elemen-
tary emission beam had a shape of the hollow cone for thelpkaat
celeration case with = 10. The hollowness is revealed by thel 0%
dip at the top of the pulse. The result does not depend on éweng
anglel.

NMSKB (circles), Jenet et al. (1998)
(diamonds), MR04 (triangle) and this
work (squares).

9. The only known radio magnetar — XTE J181®7 — ex-

hibits radio emission with many features similar to those
of the ‘notched emission’ of J0434715. Its radiation is
highly polarized (89 5% at 8.4 GHz, Camilo et al. 2006),
the main pulse is bifurcated and connects smoothly to an
extended emission component at leyss. The frequency
behaviour of the MP is unlike the normal radius to fre-
quency mapping: instead of the evolution from a single
component at highygps to the well separated two conal
components at lowg,s the MP becomes broader but re-
tains its basic shape through the very wide frequency band
of 0.7 — 42 GHz illustrated in fig. 1 of Camilo et al. 2006.
We argue here that the frequency evolution results from the
broad electron energy spectrum (eq. 4 wifly ~ const).

In Fig. 8 we show that the separation between the maxima
in the MP approach each other at a rate reasonably con-
law atvops = 1 GHz. The values of

A in Fig. 8 have been derived from enlargements of fig. 1
in Camilo et al., the thick ‘error’ bars have the magnitude
of +10% of A. The thin error bars ar€20% long, and are
marked for the lowest frequency point§@ MHz) with a

low signal-to-noise ratio and for the highesgts, whereA
becomes very small.

At sub-GHz frequencieA ceases to increase, probably be-
cause of a ‘boundaryfkect’ caused by a low energy limit
vmin iN the electron energy distribution. The sub-GHz ra-
diation may form a low energy end of the radio spectrum
With vops S vwgwﬁﬂn. The three-flux density measurements
between 69 and 29 GHz done on MJD 53850.9 (Table 1
of Camilo et al. 2006) are indeed consistent with a harder

spectrum §, « ngs) than measured at higher frequencies

meridional extent of the emission region does not blur the (S, o« v-95 between % and 19 GHz) on MJD 53857.

obs

hollow cone shape of the elementary beam completely. Bt contrary to other models of double notches (Wright 2004:
central panel of Fig. 6 shows that the separation between prgRz) the emission region considered here does not have

the maxima of the bifurcated component in J043715

also follow the relation o v2.

to be radially extended (it may extend moderately or not at
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10 e e e e e e e pulsars, however, the emission with notches (or with double
R XTE J1810-197 | emission features) is much brighter (a few — 30 percent of
L 1 Imax @nd should be easier to observe. For BOO®® one gets

A =~ 53 at 430 MHz (MRO04) so thay ~ 9.7/sin{ and

Twgl = 0.22 us sin? . The maxima of the bifurcated trailing
componentin the pulse profile of J043%715 are separated by
some 39° at 438 MHz (NMSKB). This givey ~ 13/ sinZ and

Twgl = 0.4us sin2¢ = 1.6 us (sin 30/ sin?)~2. Attempts to re-
veal the periodicity of microstructure in JO434715 have been
done at two widely separated frequencies (327 MHz, Ables et
al. 1997, and 1380 MHz, Jenet et al. 1998) with apparently
conflicting results. The periodicity of 22s reported by Ables

et al. would be consistent with eq. (5) for a very small view-
ing angle ~ 8° that we consider somewhat extreme. Jenet
et al. (1998) report no microstructure periodicity down @ 8
ns but their single pulse signal could have been dominated
by the bright core component with little contribution frotret
-0.2 ‘notched emission’ that is weak at 1380 MHz.

o5 28 31 34 38 41 44 47 50 The “ab_sorber version” (_)f our model allows for a range of
MHz] possible microstructure periodicity, because the copargof
[MHz eg. (5) becomes additionally dependent on geometric param-
] ] o ) eters of the system (eg. the distance of the absorber from the
Fig. 8. Observed separatioh of the maxima in the main pulse of theemission region, the curvature of the region, etc). Wheifeas

first known radio magnetar XTE J181097 as a function of observa- Y2 dependence can appear in this case under some conditions
tion frequency,ps The thick vertical bars have a magnitudexdf0% ,obs P PP

of A, the thin bars are for20% ofA. The straight lines mark the rela- _(eg. in radialB-field), a specificA translates in this scenario

tion A o v;/2 given by eq. (4). The data are from Camilo et al. (20060 & larger opening anglé and smallery (see Fig. 3). The -
expectedr,g are therefore smaller than in the case shown in

Fig. 3a.
all). The large depolarization and extremely complicated

position-angle curve are characteristic features of regio
with large radial extension (Dyks et al. 2004a) and are nbt2. Single pulse visibility of double notches and
observed in the pedestal emission. The observed polariza- emission cones

tion properties of the pedestal emission thus seem to be _ _ _ _ o
more consistent with the present model. Our numerical simulations assumed that the radio emigsivit

was uniform and steady throughout the entire emission negio
because we were modelling double featureaveraged pulse
profiles. A natural question is whether the double notches ca
be observed in single pulse emission. A related question is
The microstructure observed in pulsars exhibits typicalhether the hollow cone shape of the elementary radio beam
timescales or quasi-periodicities (eg., Cordes et al. 1198ge can be directly observed as pairs of emission features imthe

et al. 1998) that used to be interpreted within the FEL tymantanenous (single pulse) radio emission. The simplsens
models of pulsars as a direct result of the wiggler oscilai to these questions is ‘no’ — the notches that are pronounced
and are used to estimate the value of the Lorentz factoriiman average profile should not be seen as an absorption fea-
these models. Since in our modektan be independently es-ture in the single pulse data. The hollowness of the emission
timated from the notches’ separation, the model can be @drifcone that can be evident in the averaged pulse profile (Fig. 7)
by checking whether the typical timescale of microstrueiar cannot be recognized in single pulses either. The reasbats t

0.8

0.6

0.4

log A []

0.2

0.0

log v,

5.1. Predicted periodicity of microstructure

equal to the instantaneous emissivity within the emission regiorery
1 2 0.8 non-uniform and variable as suggested by features observed
Twgl = —— = X o _ (5) on a variety of timescales shorter th&én(eg. Weltevrede et
Vwgl  Vobs  VopsAZSINF{ al. 2006; Edwards et al. 2003; Johnston & Romani 2002; Cairns

Had it been possible to observe both the double notches and&hal- 2004) and as is normally assumed in the models of drift-
periodic microstructure with the timescalgy, one could use iNg subpulses (Ruderman & Sutherland 1975; Wright 2003).

the above equation to constrain The detailed discussion is deferred to Appendix B. Here we
For B192%10 we observe\ ~ 5.3° at 327 MHz, ie.y = only mention the timescale relevant to the problem to isolat
9.7/sin and wg = 0.28 us sin2¢ which requires sin- some limiting cases. To simplify the analysis we assume the

gle pulse observations with sub-microsecond time resoiuti equatorial geometry illustrated in Fig. & € ¢ = 90°). Let us
Given the weakness of the pedestal emission in B33aP9 consider a single bunch of electrons (a spark) associatiéd wi
this observation can be unfeasible even for SKA. In the otha&rsingle hollow cone of radio emission of opening andlg. 2
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Let us initially assume that the bunch is ‘frozen’, ie. it do®t I S AEEE SR EEEEEEEEEE s I n e
move in the corotating frame and its emission cone does | - 1
evolve. If the leading side of its cone is directed towards tt 0.08 B0950+08 —
observer at some momeinthen a considerable period of time 3

Atrotz%zp—zﬁzrl(ﬁsg)imé (6)
must pass before the rotation of the magnetosphere ditexts
trailing side of the cone towards the observer, at momefib
detect both sides of the cone the fictious frozen bunch wot
have to survive forAt = At ~ 7 10° - 3 103 s, where
the range corresponds Bb~ 5 — 250 ms observed among the
pulsars with notches. The corresponding light travel distas
Afot = CAtrgr ~ (2 = 105)- 10° cm, ie. of the order of, or much
larger than the neutron star radigs. In Appendix B we dis-
cuss two types of limitations that make the observabilitthef
notches in single pulses improbatiepossible: one is purely
geometrical and associated with the non-uniform illunmorat
of the radially thin emission region (slowly drifting brigépots
that do not evolve on timescales shorter tiddg; nor do they
move relativistically in any direction). The other one ido
special relativistic kinematics and refers to a realistigation ]
of fast moving (outflowing) bunches of electrons that evalne -0.02
a timescaleAt < Aty that is too short for a bunch to expose¢

both sides of its elementary emission cone to the observer.

0.06

0.04

0.02

total power [arbitrary units]

0.00

220 230 240 250
pulse phase [deg]

6. Conclusions/Discussion Fig.9. A fragment of pulse profile of BO95M8 that shows the be-
haviour of double notches at increasing frequency (top tbobg.
We conclude that a remarkable number of peculiar observe data are from the European Pulsar Network base (Gouldn& Ly
tional efects can be understood within a radio coherency mod@98). Pairs of vertical bars above each profile presentetaion
that is based on inverse-Compton scattering of a single-‘widj = 6.5° (408 MHz/vopg) /2 (eq. 4).
gler’ frequency (or a narrow band of wiggler frequenciespby
broad energy distribution of electrons. The model expléies
‘W'-like shape of the notches, the bifurcated emission compor B1929+10 have high dipole inclinations, which seems prob-
nents, the convergence of these features at thevgéété the able. The closed field line region is a place of copious pair pr
frequency independence of the separation between the IP gHgtion according to the outer gap model (Cheng et al. 1986;
MP in B0950+08 as well as the lack of radius-to-frequenchlirotani et al. 2003; Takata et al. 2006; Wang et al. 1998, see
mapping in J04374715. The model performs reasonably welig. 3 therein), which is quite successful in reproducing gean
for the only known radio magnetar XTE J181197, which im- ray pulse profiles of pulsars (eg. Romani & Yadigaroglu 1995;
plies that the same mechanism of coherent radio emissiorP¥ks & Rudak 2003). Note that the low emission altitude is
operating in objects with so wildly fferent surface magneticconsistent with the nearly RVM shape of the position-angle
fields as the magnetars and millisecond pulsars. This findigigfve. The details of the macroscopic geometry of the sys-
is consistent with the linear acceleration origin of radioi® tem remain a puzzle, and we emphasize that the configurations
sion, because the strengthdfield is largely irrelevant for this shown in Fig. 3 may be very far from reality.
mechanism (Rowe 1995). A big unsolved issue is what is the relation of the radio
There are many unsolved puzzles that remain and that negaission considered in this paper to the more normal (?)-emis
to be addressed in future. These are the depth of the notblession that can be classified within the scenario of core andlicon
macroscopic geometry of the emitter and Halbsorber, the na- beams that exhibit nulling, drifting as well as the radius to
ture of the hole, etc. They are closely interrelated so it vy frequency mapping. Can the RFM-exhibiting conals be inter-
worthwhile to address all of them simultaneously rathenthgreted within the same ‘parallel FEL' model, but dominatgd b
treat them separately. An associated question is whetleer ¥ariations ofvug in eq. (3)? What is the origin of core emis-
emission is outward or perhaps inward, as suggested by $ien?
leftward shift of the position-angle curve. It is worth enaph The model proposed here can be tested observationally
sizing that two-directional emission is inherent in soméh&f by searching for microstructure periodicities in the enoiss
parallel acceleration models (eg. Levinson et al. 2005ptAer with notches or with bifurcated components (eq. 5). The ex-
issue is the altitude of the emission. The parallel accttera pected timescale of the microstructure is of the order of 1
maser favors strong-field. Low altitudes of emission would us. Multifrequency observations of other objects at a high
imply radiation from the closed field line region if BO9508 signal-to-noise ratio can provide further support for thtar
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lution of double notches, their separation at a fixed freguen

may in principle vary in time. Thereforeimultaneous mul-
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. Since there is some evidence of temporal evéunzl T., Lesch H., Jessner A., von Hoensbroech, 1998, Af] 50

L139
Kuzmin, A.D., Izvekova, V.A., Shitov, Yu.P., et al. 1998, A&, 127,

tifrequency observations would be most preferred, althoug 355 S
even the non-simultaneous data in Figs. 6 and 8 proved sh@?ge: Ch., Kramer, M., Wielebinski, R., & Jessner, A. 1998A

cessful in revealing th&(vops) relation. The millisecond pul-
sar J10125307 has a bifurcated component and is a very gok
candidate (see. fig. 5 in Kramer etal. 1999). The double mxstch
of B0950+08 present a dlicult observing target (Fig. 9) and it

332,111
Svinson, A., Melrose, D., Judge, A., & Luo, Q. 2005, ApJ, 5336
yubarski, Y.E., & Petrova, S.A. 1998, A&A, 337, 433
alov, I. F., & Machabeli, G. Z. 2001, ApJ, 554, 587
Manchester, R.N., Han, J.L. 2004, ApJ, 609, 354

is important to determine their multifrequency behavioithw \;anchester, R.N., Hobbs, G.B., Teoh. A., & Hobbs, M. 20037ds
better definition. The broad band approach can also tell us j 129 1093

whether breaks in the relatiaX(vops) are associated with spec-McConnell, D., Ables, J.G., Bailes, M., etal. 1996, MNRAS02331
tral breaks. A very important but liicult task is to precisely McLaughlin, M. A., & Rankin, J. M. 2004, MNRAS, 351, 808

determine baseline levels for the pulsars with notchesfat di

(MR04)

ferent frequencies. This would provide the depths of natchielrose, D. B. 1978, ApJ, 225, 557

that strongly constrain possible geometric configuratafrike
magnetospheric emitter.

Navarro, J., Manchester, R. N., Sandhu, J. S., et al., 1997, 486,
1019 (NMSKB)
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Appendix A: The pitch angle case

The pitch angle case is discussed here for the sake of camplet
ness, as well as in view of some positive features it has (see
below). We begin with a short description of numerical resul
and then discuss how the model performs in confrontatiolm wit
reality.

As the simplest choice of the electron’s pitch-angle distri
butionng(y) we take the triangular shape:

ne(y)=0 for 0< ¥ < ¢max— Ay
Ne(¥) = Cin[¥ — (Wmax — Al/’)]A‘/’_l

fOf wmax_ Al// S l,b S l,bma)(
Ne(¥) = Coul ¥ — (Ymax+ AY)](-Ay ™)

for Umax < ¥ < Ymax+ Ay
NeW)=0 for Ymax+AY < ¢y <.

whereci, andcy; can take the values of 0 or 1 an is the
bottom width of the distribution. Fogj, = cout = 1 the value
of ng(y) increases linearly from O @tnax— Ay up to 1 atymax,
then drops linearly down to zero é,ax + Ay. Forcip = 0 (and
Cout = 1) only the outer part of the distribution is present with

(A1)
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a sharp inner boundary gty Forcoy = 0 (andciy = 1) the from their width:A > W for p,, < 0.260gr whereasA < W for
inner part of the distribution preserves. pon 2 0.30r. The notches have peculiar shape.

. . Fig. A.1e is for the outeng(y) distribution (eq. A.1 with
Fig. A.1 presents the look of notches for various types 8.fn = 0). The shape of notches is again unlike the observed one.

the pitch-angle distributione(y). In A.1a we have assumed ar . )
i cidad” dictrih it o _ : e he W center is flat fopn, < 0.56r or has a dip fopn ~ 0.750r
two-sided’ distribution €n = Cout = 1) With Ymax = 5° and and the notches look strange.

Ay = 0.2/max Which is an example of a general form ) Fig. A.1f is for the pitch-angle distribution considered by

that is closely confined t@mnax (AY < Y¥max). This case dfers ) P )

from the parallel acceleration case mainly in thgiy) covers Erber_ (%973)'% * ‘”eXpL_‘” MmaX]' Its general properties
are similar to the case shown in Fig. A. 18 ~ ¥max) and

much smaller solid angle (in comparisonéﬁn) than the beam : o
of non-negligible emission does in the\a case. This has two thg;grfoéz t:r(]aeresultlng notches have similar shape, ctotieet
Vv .

consequences visible in Fig. A.1a: 1) The notches retain f h | hat i ¢ Il th .
high flux at the W center for the hole size larger than in th ; € genera 'IDrOpEm;]tl atis commgnl O; all the ca(sjei 'S
parallel acceleration casgn(< 0.50r) because no radiation jsthat orvery sma bn the hole acts as a delta function and the
emitted near the symmetry axis of the pitch-angle distidout resulting notches have the same shape:@s). Therefore, the

(& < 4°). 2) The W-shaped notches (with the dieated cen- notches have sharp minima (and are very shallow) whenever

tral flux) are much deeper and reach th@0% depth observed?h < ¥max (topmost curve(s) in panels a, ¢, d, and e). For larger

for B1929+10. However, their shape becomes very distortedfﬁ the minima become Ob:"‘(‘;e in_aII CaSES Wm;]th? _excer?tior;]of
comparison to the observed one. kegr< 0.46r the notches the inneme(y) case (panel d). Itis worth emphasizing that the

are narrow and separated by a flat plateau sohat W. For observed notches appear much sharper than they really are on

larger pn, the outer sides of the notches become rounded dﬁ]&st plotsl th‘:“t show full r?_ltatlcr)]n per.|od (cf.ztop line in Figa
much less steep than the inner ones that form the central m\g&_Aefxacty_t €same pfro re s OW? 'r:] Flg.dal). ith the data:
imum. All curves in panel a) correspond to the central vigwin ew points on conirontation of the model with the data

of the hole b = 0) andy = 10%. Fig. A.1b presents result for the The conclusions 1 to 3 in section 5 are valid for both the
same pitch-angle distribution as in a) htis fixed to 0556k parallel acceleration case as well as for a (quite numeasy
andb s variable of the pitch-angle distributions that fulfify,ax ~ Ay.

The initial pitch angle of electron-positron pairs created
In Fig. A.lcymax = Ay = 5°, ie. ne(y) has a width com- through one-photon absorption is also inversely propostio
parable to/max. As beforecin = Cout = 1, ie. the distribution to y. This is because photons propagating at small angles
is symmetrical with respect fmax. This shape is qualitatively y relative to B need to have larger energy to produce pairs
similar to the shape of the radiation beam for the parallel gge/mc?)(B/Bg) siny ~ 2/15, Ruderman & Sutherland 1975]
celeration case. Therefore the resulting notches lookalike and the pair components tend to share the energlya par-
result is forb = 0. ent photon equallyymc? ~ €/2, Daugherty & Harding 1983),

Fig. A.1d presents results for the inner pitch-angle distri Which leads to

tion (Cout = 0 in eq. A.1) in the case df = 0 and variabley,. 1 ( B )1 1

Here the separation between the notches is in genefateit ¥ ~ 75 B_Q sing’ (A.2)
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Afterwardsys undergoes strong evolution but its value remairtbeir radial coordinate increases at nearly the speed bf lig
anticorrelated withy (see fig. 2 in Harding et al. 2005). dr/dt = 0.995c for v = 10. The chance to observe both sides

The distribution of pitch angles may be considered fragitef the elementary emission cone from a single bunch fully de-
and susceptible to disturbances, which is consistent wigh fpends on whether the bunch can survive foifisiently long
probable variability of the notches and pedestal emission o period of time, namely the time interval- t; needed for the
timescale of days. cone to expose its other side to the observer.

The low |B| required for the larg@max is consistent with The source (bunch) is now approaching the observer (and
the observed location of the pedestal emission (far from MBing to catch up with the photons) with~ 10 so that its ra-
in B1929+10 and B095808) as well as with the presence oflial distance changes accordingte ct + ro. For definiteness,
notches in J04374715. The magnetar does not seem to fit inteereafter we assume that the first side of the cone is spotted
the picture, although we do not know how large the radio emisy the observer at timg = t; = 0 and at the radial distance
sion altitude in XTE J181:86197 might be. ro = r(to) ~ Rys that will be neglected becausg < Ary; for
Since we do not see how the relatinx v;;f could arise most periods we are interested in. Let the azimuth of the-emis
in the scenario of the favored pitch angle, we consider & lesion direction on the observed side of the cong is O (in the
natural than the || v case. observer’s frame OF), which is also the fixed azimuth of the
line of sight. For a bunch that flows along the dipole axis, the
Appendix B: Single pulse visibility of double azimuth of the other side of the cone will change according to

features bi~20r-Qt- — ~ A2 (B.1)

R R
where @R is the initial value,Qt takes into account the ro-
tation of the dipole and/R. takes into account the forward
As can be seen in Fig. 3b the notches can be observed in fithjection of radiation caused by the aberratidieet in the
form in single pulse data only when the absorber is nearlymit ry < r (eg. Dyks, Rudak & Harding 2004b). The ob-
simultaneously (or: for a gficiently long period of time> server can see the trailing side of the coge € 0) after
Atror) illuminated from various directions by aféigiently large timet = PA/(4x) which is two times smaller (310°° — 1073
part of the emission region (extending at least betweentbe ts) thanAt,,; given by eq. (6) and corresponds to light travel
points marked with the small letters ‘d’ in Fig. 3b). In théengthscales of (+ 50)- 10° cm. The scales are much longer
hole case a nearly-simultaneous emission around the holehign predictettonsidered in some models of radio coherency,
required (or at least on opposite sides of the hole.) For a raigy. Ar ~ a fewx 10° cm in Schopper et al. (2002) or in the
dom distribution of sparks (emission spots) of angularuadiperpendicular acceleration model of Fung & Kuijpers (2004)
psprk S 6r One can observe only a part of the notch feature Had, however, the bunch survived for the titpet; without
(a shoulder or dip) or no absorption feature at all. The fattany significant evolution (to maintain its original hollowsroe
should frequently occur because there are a great dealmtspoémission beam) then the trailing side of the cone wawiche
on the emission region (eg. marked with ‘b’ in Fig. 3) thatcorpbserved- 5° after the leading side, but much sooner. Because
tribute unobscured radiation at the pulse phase of the astchhe bunch propagates towards the observer with the speed v
The phase at which the radiation is detected is marked atso vlose toc, the radiation in the trailing side lags the radio waves
‘b’ just above the schematic pulse profiles at the top of Fig. fom the leading side by\r ~ cAt — VAt =~ cAt/(2y?). The
In this scenario it would be natural to see no single pulsk wifrailing radio waves are then detected just after the |apsiie
the double notches. There would also be lots of single earissiadio waves:
features because of contribution of points located outsidee bt bt 5
plane of Fig. 3 at angular distaneefg from the line of sight Aty = t—z' ~5.108s " 5' (l) (B.2)
traverse. One would have also seen, however, a great number Y 1075110
of double subpulses corresponding to the sightline cutiino so thatQAty,s < A. To detect both sides of the hollow cone
the elementary cones, which is not observed. The model j#gim a single bunch or particle, one would therefore need to
discussed is thus excluded by the observed single pulsepropok for double emission features on the timescales of remos
ties of pulsar radio emission. In principle, however, suttdk onds to milliseconds. The bunch, however, and the physical
of emitter could be a part of magnetosphere that stays ata fixenditions around it could not evolve significantly durimgt
altitude and is steadily refreshed by electrons that keeprlp timet, —t; ~ 10° - 10-3 s which may be impossible to satisfy.
throughit. We therefore conclude that the direct observation of the
elementary hollow cone in the single pulse data is extremely
improbable, if not impossible. In any case, in the outflowing
bunch scenario the 5° opening angle of the cone would corre-
spond (in single pulse data) to double emission spikes atgahr
A much more realistic model for the basic emission units ioy ~ 0.01°. The 5 separation is visible in the averaged pulse
pulsar magnetosphere is based on short living bunchesaf elgrofiles because the trailing notch (or the trailing maxium i
trons that outflow at relativistic speeds { 10). Such sources Fig. 7) is created by radio waves emitted from roughly theesam
are localized both in the radial and horizontal directiont baltitude as those associated with the leading natelximum,

B.1. The quasi-steady but nonuniform source at fixed
altitude (drifting spots)

B.2. Bunches of electrons outflowing at relativistic
speeds
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but emitted later by a different bunch of electrons. Therefore, 1978). For the range & = 5 — 250 ms ancb.y, at the polar
the only sign of the double notches in the single pulse datap rim the curvature radiation declines above-00.7 MHz

will be the less frequent appearance of single-lookingravar which is well below the frequencies at which the notches are
emission spikes that are normally observed in the high timmbserved.

resolution data.

B.3. The role of B-field line curvature

The above estimates have been done for the special case of the
dipole axis, but the curvature of magnetic field lines cargdra
the other side of the hollow cone into the observer’s view. On
the leading side of the dipole axis, the eq. (B.1) becomes:

b~ 20k - Qt — — — (B.3)
Re  perv

wherepg in the last term is the radius of curvature of mag-
netic field lines. The second side of the hollow cone is daéct
towards the observer after time
N A

pav + 2R
At the last open field linepen, =~ (4/3)(rRc)Y? = 9.2 -
10°(Pre)¥? whererg = r/(10° cm). For the considered range
of periods (5- 250 ms) and ~ 10° cm the resulting length-
scales are (8 — 5) - 10° cm and become larger for increasing
r, eg. (07 — 12)- 10° cm forrg = 10. The lower limit of the
scales (that refers to the 5 ms period) is still of the ordé\af
The scale has decreased considerably only for the nornmg, lo
period pulsars.

On the trailing side of the dipole axis the sign of the last
term in eq. (B.3) is positive and the equation has no positive
solutions fort if pgt > Zml, eg. near the edge of the polar cap.
This simply means that the combineffeets of rotation and
aberration (2nd and 3rd terms in eq. B.3) are too weak to com-
pensate for the backward bending of tRdield lines, ie. the
field line’s curvature drags the beam away from the obsesver’
line of sight. A full cut through the beam is possible only whe
the observer sees tlriling side of the cone first. Appropriate
change of signs in (B.3) gives then

o — 8 (B.5)

pov — 2R

which gives timescales only slightly larger than on the lead
ing side becausp.y < Rc/2 in the region where we make
estimates (low altitudes, close to the last open field lin&ag)
interesting solution of (B.5) correspondsdg, = R¢/2 (field
lines slightly on the trailing side of the dipole axis) for iwh
t = oo. This is the case in which the beam does not rotates in
the obsever’s frame, ie. the field line curvature fully compe
sates aberration and rotation. The observer can see thiadead
side of the beam all the time as the bunch propagates upwards
(caustic pile up of radiation near a fixed phase in pulse @ofil
actually up to the altitude above which our simple approxima
tions (B.1)-(B.5) break down.

In the curved magnetic field lines the hollow cone emission
caused by the parallel acceleration becomes dominatedeby th
curvature emission at frequenciess c¢y®/(2rpcn) (Melrose

ct (B.4)



