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Abstract. Drifting subpulse patterns in pulsar signals are frequently interpreted in terms of a model in which a rotating ring of
sparks on the polar cap gives rise to emission from regions of the magnetsophere connected to the sparks by dipolar magnetic
field lines. The spacing of drift-bands in time depends on the circulation rate of the polar cap pattern, but to first order the
longitudinal phase dependence of the subpulse modulation should obey a frequency-independent relation determined by the
geometrical configuration in a similar manner to the polarization position angle. We present here observations at 272—1380 MHz
of PSR B0328-39 and PSR B080&74, both of which show nearly linear drift in two longitude regions, separated by a region

of reduced modulation and accompanied by a large step in the phase of the subpulse pattern. We show that the observation
of Bartel et al. (1981) that the subpulse spacing for PSR B8889vas 1.8 times greater at 102.5 MHz than at 1720 MHz

is most likely an artifact of the phase step, which is only present at high frequencies. The phase steps can be understood as
a consequence of observing overlappirffset images of the polar cap spark pattern. We also detected more complicated,
frequency-dependent behaviour that would require that the images do not siffighpglirotation about their centers. Detailed
modelling of non-axisymmetric refraction or distorted magnetic fields is suggested as a means of pursuing an explanation for
this phenomenon.
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1. Introduction Edwards & Stappers (2002) (ES) showed that if one con-

It I ted that th di ission | siders the subpulse pattern as a periodic modulation within any
IS génerally accepted that the radio emission from pu Saqtﬁ/en longitude interval, thphaseof the modulation as a func-

is beamed from its points of origin along local tangents to t. 2N of longitude should badependenof frequency, given a

dipolar magnetic field. Iinesl, and that t.he ge”e“”?' broaden'&gcular pattern of simply shaped sparks (i.e. extended in either
of pulsar average profiles with decreasing observing freque gnetic azimuth or latitude but not in both), and neglecting
f

can b.e understood as a consequence of the dlvgrgenc_:e O & fects of rotation. This is a consequence of the fact that
field lines and the scaling of emission frequency with radial d'ﬁie transformation between the polar cap pattern and the beam
tance from the pqlar cap (eg. Komes{ﬁma?O, Cordes 1978). pattern as radiated from a certain height is a simple scaling of
So fundamental is this so-called radius-to-frequency mappipg, polar opening angle (see Fig. 1, top left). The sampling of

(RFM) to the usual ways of thinking about pulsar emissiortlr,Ie polar cap Bected at a particular longitude value affeli-

that many authors appear to assume that it will apply o Ioght radio frequencies thereforeffdrs in magnetic latitude but

gitudinal subpulse spacing) in the same way that it ar- notin magnetic azimuth, and for a simple circular carousel this

plies to component separations and average profile width (em%ans that the ampli .
) ) plitude of the subpulses m#égdbut their
Ruderman & Sutherland 1975; Wolszczan et al. 1981; Bar ase does not. Figure 1 (bottom right) shows tifence

etal. 1981; Bartel 198.1; _Izvekova etal. 1993). As npted bY etween points of zero subpulse phase and points of peak sub-
& Krawczyk (1996), this is only the case when the line of sig ulse intensity (between whidh, is measured) for a pair of

sasses dl;ectly over the magnetic pt?]le’ and the we]?lker ?ﬁ sqﬂﬁt-lines on a sample polar cap configuration. It shows that
ence on irequency seenhy versus the average profile wi _hthe variation with frequency d®; is entirely a consequence of

reported by Izvekova et al. (1993) and Gil etal. (2002) is JUsle diferent amplitude windowing caused by the expansion or

as expected under the usual model of drifting subpulse patteégﬁtraction of the beam. In contrast, the subpulse phase enve-
as manifestations of a grazing pass along the edge of a b '

. T 2 ; . is un&ected by the diferent amplitude windowing and its
consisting of a ring (“carousel”) of beamlets circulating abo

: . lI‘(Sngitude dependence should be describable by a simple geo-
the magnetic axis (e.g. Ruderman & Sutherland 1975). metric formula, independent of frequency (ES). The possibility

Send gprint requests toR. T. Edwards therefore exists for a strong test of the carousel model by ex-
e-mail- redwards@astro.uva.nl amining the longitude- and frequency-dependence of subpulse
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dominance between two superposed, phaigebimages of an
underlying rotating subbeam system. If this is the case, in the
absence of further complicating factors, the underlying phase
envelopes of the two images should exhibit the predicted fre-
quency independence, and any variations in the measured en-
velope must be due to frequency dependence of the relative
amplitudes of the images at any given longitude. If thiset is
close to 180 at all longitudes, the phase must always be close
to that of the dominant component (at that longitude) and after
accounting for phase steps, the prediction of frequency inde-
pendence can be tested.

Similar behaviour, involving a subpulse phase jump ac-
companied by reduced modulation in the vicinity of the jump,

: f j : i has been reported at 1720 and 1420 MHz for PSR B&&@9
Q Q (Wolszczan et al. 1981; Bszyiski & Wolszczan 1986), al-

though the quality of these results is ifiscient to strongly
constrain the sharpness of the jump, or to probe for other
non-linearities and their variation with frequency. Without this
information it is dificult to distinguish between the multi-

ple imaging scenario and other possibilites (e.g. Bartel 1981;

// U ) K v \\ Davies et al. 1984). To investigate this phenomenon further we
RN S I v have studied PSR B03239 and PSR B080974 at frequen-
-3t -2At -At 0 At 2At  3At cies between 270 and 1380 MHz.

Fig. 1. (Top lef) schematic diagram depicting the origin of simultane-
ously observable rays (wavy lines) emitted dfatient altitudes. The
thick lines show the path of plasma flows from the polar cap excit

tion pattern, along field lines to the points of emission of these rayge observed PSRs B03289 and B080$74 using the
Due to RFM and the divergence of the field lines, low frequenc_y O,Westerbork Synthesis Radio Telescope and its pulsar back
servers sample a more poleward path on the polar cap. The thin |Ig?|%, PuMa. The signals from linearly polarized receptors

show other co-planar field lines, and the stellar surfe@ettém righ) . . :
diagram of a carousel system on the polar cap. The solid circles rtfarp())-m 14 25-m dishes were decimated into bands of 10 MHz

resent a system of sparks circulating about the magnetic pole. 'Mﬂ'éjth' added (_per-band, per'pOIa”Z?t'on) according to pre_-
thick horizontal lines depict the path sampled by observers rece¥jously determined phase and amplitude factors, and fed in
ing radiation emitted from two @ierent heights in the magnetospheré0 PuMa operating in Mode 1, which acts as a digital filter-
(the upper line corresponding to a greater altitude) along a circuR@nk; for details see \wé et al. (2002). In all cases we used
path dfected by the rotation of the star under a specific viewing ga-configuration such that both the dispersion smearing within
ometry. These lines are connected at several points to indicate simuiach frequency channel and the output sampling interval were
neously observed locations (neglecting propagation delays), spacejégt than or equal to 40us. In ofline processing total in-
equal timg@longitude intervaldt. The lines emanating from the Centertensity samples from all frequency channels were combined

of the carousel indicate two of the twelve lines of zero phase in t3ecording to the appropriate compensation for interstellar dis-
azimuthal modulation, which are seen at the same pulse Iongltuﬁee%mn and where necessary adjacent samples were added t
(xAt, chosen for convenience) for both observers. The small filled cir- '

Improve the signal-to-noise ratio. Based on the topocentric pe-

cles show the longitudes at which subpulse peaks are recorded by €a . -
observer (for this carousel orientation). Unlike fiducial phase poinfd0d Predicted using the TEMPGsoftware package and pub-

the longitudinal separation between subpulse peaks increases witH'§#aed ephemerides, the resultant time-series was re-arrangec

altitude of emission. The overall pulse width, as indicated by the iHit0 @ two-dimensional array of pulse longitude and pulse num-
tersections of the outer dotted circle with the thick lines, evolves evbgr for further analysis. We made observations with bands cen-
more strongly. tered at 272-302, 328, 382 and 1345-1415 MHz, however for
both pulsars, the results were consistent within their respective
uncertainties for all frequencies between 272 and 382 MHz,

so in addition to the 1380 MHz data, we will present results

phase in much the same way as the now well-accepted georggiy from the most sensitive band, which was 328 MHz in both
ric polarization model of Radhakrishnan & Cooke (1969) was,geg.

tested. _ For pulsar signals that are dominated by a regular drift-
Application of phase-based analysis to PSR BO&Dhas ng subpulse pattern, the method of ESets the best pos-

shown that at 328 MHz, subpulse drifting occurs in two digjpje signal-to-noise ratio for the inference of the time- and

tinct longitude intervals, between which there is a phafseb longitude-dependence of subpulse phase. However, we find

of nearly 180 (Edwards et al. 2003; ESvL). The transition beénat for both pulsars, at 1380 MHz the regular drifting
tween the regions occurs too suddenly to be fit by the geometric

model, and ESvL suggested the phase step reflected a shift inhttp: //pulsar.princeton.edu/tempo/

2. Observations and analysis
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subpulses comprise a relatively minor portion of the total emiclearly in the middle panel). The envelope resumes approxi-
sion, and the tim@ongitude decomposition fails for this reasonmately the same phase evolution as the 328 MHz profile after
To overcome this, in this work we used an alternative algorithtine jump, until it is disturbed by the extra component (longi-
to ascertain the longitude-dependence of subpulse amplittdge ~23°). Clearly, the situation is not as simple as the su-
and phase (hereafter, the complex “envelope”). Specifically, werposition of two rotating subbeam systentiset purely in
divided the pulse series in to 256-pulse blocks and computadgnetic azimuth, as earlier suggested.

Discrete Fourier Transforms along constant-longitude columns

of each block to form a series of complex Longitude-Resolved

Fluctuation Spectra (LRFS). If the subpulse pattern is at leasg. PSR B0809+74

strong and coherent enough to dominate over other emission . ]
in its peak spectral frequency bin, that row of any given speth€ average profiles and subpulse amplitude and phase en-

trum should difer from that of any other spectrum by a simV€lopes for PSR B08G&4 at 328 MHz and 1380 MHz are

ple complex factor. The phases of these factors were defffoWn in Fig. 2. Beginning with the 328 MHz result, we see
mined by cross-correlation with a template envelope, a ndjft the subpulse phase envelope is not as steep at the edges
template was formed by adding the peak rows using the m&g_mpared to other longitudes, consistent with the expecta-

sured phases, and the process repeated until convergence. Hafi§ Of the carousel model. However, the high sensitivity of
is essentially a coarse-grained version of the algorithm of E§€ data reveals that the phase behaviour is more complicated

and has been shown to produce consistent results in pracift@? the smooth cubic-like forms allowed on basic geometric
(ESL) for the phase envelope. grounds (ES). The 1380 MHz phase envelope shows similar

The subpulse amplitude envelope derived with this meth§@iations in subpulse phase in the leading part of the profile,
is typically underestimated since the single Fourietfiocient but exhibits a striking jump in subpulse phase in the middle of

is not matched to the true response of the signal. To overcoffig Profile, confirming earlier results of lower longitude reso-
this, we measured the LRF power spectrum as therdince lution (Wolszczan et al. 1981, Q$zmsk| &_\_Nolszczan 1986). _
between on-pulse power spectra aridmlse (noise) spectra,The shape (_)f phase envelope in the trailing part of th(=T profl_le
and estimated the variance of the subpulse-modulated parf {5 @PProximately matches that seen at low frequencies, with
the signal as the sum of power spectral values in a narrow rafjediset 0f~120" in relative phase compared to the leading
of frequencies around the peak response (Parseval's Theordidit- Both the large phase jump, and the smaller jump or steep-

Assuming the subpulse signal has a similar amplitude distfting around 5_‘2Iong|tude correspond FO chal minima in _th(_a
bution to that of a sinusoid, we then took the valug)¥Z subpulse amplitude envelope, suggesting in our view a similar

where is the variance as an estimate of the typical heiglfit€'Pretation to the phasefset in PSR B032639: the pres-
of subpulse peaks above the mean in the given longitude Hifice Of superposed, out-of-phase drift patterns wiffedng
As expected, for low-frequency observations (where the syBnditudinal amplitude dependences. The cumulatiece of
pulse signal dominates) the full tifiengitude decomposition 20th Phase jumps is seen to be approximately’180d could

method (ES) gave a result consistent with this method. be explained as the consequence of receiving rays from oppo-
site sides of the magnetic axis, as invoked for PSR B8329

(ESvL). However, in this case the but the presence an addi-

3. Results and discussion tional “image” of the carousel patternffset by some amount
other than 189 is required to explain the peak in subpulse am-
3.1. PSR B0320+39 plitude around 55longitude, and intermediate phase seen in

The average profiles and subpulse amplitude and phase thg_region. We confirmed numerically that the major fgatures
velopes for PSR B032@89 at 328 MHz and 1380 MHz areOf the complex subpulse envelope can reprqduced using three
shown in Fig. 2. We used the same observation as EsQyerlapping Gaussian componentslwnh relative phases of 0, 35
at 328 MHz, and the results are consistent within the noi@@d 180. However, we note that this should only be taken as
(despite using dierent techniques). A sharp jump in subpulsd” |nfj|cat|on (_)f the g_e_neral sunabl_hty of this picture, and notz_a
phase is accompanied by an almost complete attenuationsglf“!on for this specific set of relatlye phase valges, fo_r there is
subpulse amplitude, consistent with destructive interfererfc@Siderable room for fierent relative phases givenfigrent
between two fiset drift patterns with diering longitudinal COmMPenent shapes gtod a non-linear underlying phase func-
amplitude dependences. The presence of an additional c&iff? Under various potential viewing geometries.

ponent was the motivating factor for examining the subpulse These results are consistent with those of previous stud-
properties at high frequency, with the prediction that it shouids, although for reasons outlined in the Introduction, we reach
be preceded by another jump to align it with the extrapolati@@mewhat dterent conclusions. A major result of Bartel et al.
of the subpulse phase envelope in the leading part of the proff£981) was that the overall drift rateftéred by a factor1.8

The extra componentis clearly detected here, as is its subpblstveen 102 and 1720 MHz, a fact which they used to argue
modulation (Fig. 2 left, longitude-26°). However, the phase that the entire profile should be scaled in longitude by this fac-
envelope diers from the prediction, and tends towards almogir to correct for RFM. Performing this scaling results in a
stationary modulation in the trailing component. Moreover, theggnificantly wider profile for 1720 MHz than 102 MHz, on
sharp jump seen at 328 MHz (longitud&9°) is apparently re- which basis it was argued that some emission was “missing”
duced to a smoother transition of the opposite sense (seen navst02 MHz. For reasons noted by Gil & Krawczyk (1996)
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Fig. 2. Average profiles and longitude envelopes for PSR Ba&&20(eft) and PSR B080974 (right) at 328 MHz (dashed lingshite circles)

and 1380 MHz (solid lingblack circles). The top panel shows the average profile and subpulse amplitude envelope (the latter usually be
lower than the average profile). The middle panel shows the subpulse phase envelope, plotted repeatedly with a spatitoyshio@60

the inherent ambiguity. Adjacent significant points are joined by the shortest path. The dotted line shows the nominal phase /Slope (6
for PSR B032639, 25/° for PSR B080974). The diterence between the phase envelopes and this line is plotted in the bottom pane
(for PSR B0809-74, twice, with an ffset of 120 to depict the rough consistency between the frequencies after correction ffiset). @he
dotted line in the bottom right panel indicates the slope corresponding e, tireeasured by Bartel et al. (1981) at 1720 MHz. The error bars
for PSR B0326-39 at 1380 MHz are twice the formal value. Error bars are omitted on other points since they are in most places very small
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and reiterated in the Introduction to this work, RFM under th& 3. Implications for models

carousel model is not expected to alter the obseRgedalue
the by same factor as the profile width, so the scaling performbd€ Subpulse phase envelopes measured for PSR BG320

by Bartel et al. (1981) is not valid. Indeed, the valuePofis and PSR_ B080874 are cl_early not _consistent_with the smooth,
expected to vary relatively little, making the observed factGYMmetrical curves predicted by simple rotating subbeam mod-
of 1.8 somewhat unexpected. However, the phase jump in g Moreover, they are seen to evolve strongly with frequency,
middle of the profile at 1720 MHz provides the obvious ex2Nd t0 exhibit sharp “jumps”in subpulse phase.
planation for this fact. Specifically, most pairs of subpulses in a Further evidence for departure from the predictions of a
given pulse will lie on opposite sides of the phase jump and wiimple carousel model also exists in the literature. Hankms
thus appear closer together than expected without the phs#/olszczan (1987) found support for the carousel model in
jump. Any method of measurement relying on the |Ongitud§h¢|rdetect_|on of systematic subpulse drift in three pulsars with
nal separation of subpulse peaks, including the autocorrelatigiple” profile morphologies. However, the subpulse phase en-
method of Bartel et al. (1981), will be subject to this distoi€lopes presented for PSR B1918 clearly show a reversal
tion. The dotted line in the bottom panel of 2 depicts the driff the sense of subpulse drift in the trailing component. Under
rate inferred by Bartel et al. (1981), which can clearly be sef}f carousel model, points of sense reversal correspond to pulse
to represent a kind of interpolation between the phases at {f@gitudes where the line of sight s at its furthest excursions in
peaks of the fiset components we find at 1380 MHz. The driﬁhe_mqgnetm a2|mut_h coordinate. For this to occur wthm the
rate measured at 102 MHz would correspond to a horizon€4l"Ssion beam requires the angle betwe_en the spin axis and the
line in this plot, confirming that there is no major evolution iPPServer to be comparable to the opening angle of the beam,
the drift rate between 102 and 328 MHz. We therefore argilich would resultin a very broad pulse profilel80’). This
that the factor of 1.8 reported in subpulse spacing between 19210t the case for PSR B19489. Indeed, given the narrow
and 1720 MHz is almost entirely due to thiezt of the phase Wldth of pulsar beams, unless thereis a trer_ld tovv_ard alignment
offset and amplitude windowing. of spin axes and magnetic axes, such configurations should be
Some apparently anomalous results of Davies et al. (L9§&JY rare in the observable_ populatior), and sense reversals _in
also receive explanation from factors discussed in this wo€neral can be taken as evidence against the presence of a sim-
Davies et al. (1984) state that their observation that the dif¢ rotating subbeam system.
rate at 408 MHz is 1.5 times faster near the profile edge edge is The clear cases of step-like features accompanied by re-
unexpected, and may be caused by a non-dipole magnetic filgeed modulation amplitude, seen in PSR B0S2® and
In fact, under the carousel model faster driftingxpected at In PSR B080974 at high frequencies, are suggestive of the
the profile edges (ES; see also Fig. 1 this work). We suspect tRggsence of superposed subbeam patterns that rotate together
the confusion arose due to the reciprocal relationship betwd€ff- as ‘images” of the same spark system) but dgeb
“drift rate” (i.e. longitude displacement per time interval) anél the azimuthal coordinate (ESvL). We believe that a sim-
the longitudinal rate of change of subpulse phase (i.e. phdlgé effect can explain the less ordered drift behaviour seen
or time displacement per longitude interval). We also note ttit other frequencies in these pulsars, and most likely that
the drift speed measured by Davies et al. (1984) at 408 MAEZPSR B191819 also. For this to be the case, the phase en-
actually increases monotonically with longitude, the asymmeelopes of the component images cannot be related by a con-
try of which is not consistent with the model, with or with-stant phase féset, requiring the corresponding subbeam pat-
out the noted misconception. In any case, we have shown hi&i@s to havefiiset centroids, or dierent (non-circular) shapes.
that the phase envelope is considerably more complicated tH@nthe extent that the subbeam motions deviate from concen-
this, and yet the reduced slopes at the profile edges indicie circular motion in this way, the use of subpulse patterns to
potential consistency with the carousel modelfset multiple determine geometric parameters (Deshpande & Rankin 1999;
imaging is allowed. The monotonic trend seen by Davies et &iS) or to “map” the polar cap excitation pattern (Deshpande &
(1984) probably has more to do with the perturbations betweBankin 1999) is not possible until the transformatiofieeted
subpulse peaks and true points of zero phase imposed byifhéhe images are determined, or the phase envelope is shown
overall amplitude windowing than with the underlying phast® be consistent with a single rotating pattern.
variations. An obvious mechanism to which to appeal is the trans-
Another result of Davies et al. (1984) is that the subpulséymation to the observer's frame, which includes aberration
at 1412 MHz apparently arrive 10-18 ms earlier than thosad retardation. The approximatéeet of these is to dieren-
at lower frequencies (after compensating for interstellar diéally shift the beam patterns in the pulse longitude coordinate.
persion). Comparison of their Figs. 2 and 4 with Fig. 2 cofdowever, as noted by ESvL, this requires that the two images
firms that the @set subpulses they recorded appeared whére emitted at points separated4500 km, in conflict with the
our proposed alignment indicates a 1pMase fset. This cor- current consensus concerning emission altitudes. Likewise, an
responds to a vertical shift ef3.7 periods in Fig. 4 of Davies altitude diference of>2500 km is needed to explain the 20
et al. (1984), consistent with their measurement between 14tm@se fiset seen in here PSR BO8JI®4 using the combined
and 406 MHz, made with absolute time alignment. We ma&fects of retardation and aberration.
therefore conclude that our phase alignment is correct and thatAnother possible explanation of the deviations observed is
high-frequency subpulses in the leading part of the profile dieat the magnetic field is not dipolar. Davies et al. (1984) pro-
not ofset from those at low frequencies. posed such a condition to explain the frequency evolution of the
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