Mon. Not. R. Astron. Soc. (2006) doi:10.1111/j.1365-2966.2006.10512.x

Bistable proble illumination in pulsars B091% 06 and B1859 07

Joanna M. Rankin,! Cameron Rodriguez! and Geoffrey A. E. Wright*?2

1Physics Department, 405 Cook Physical Science Building, University of Vermont, Burlington, VT 05405, USA
2Astronomy Centre, University of Sussex, Falmer BN1 9QJ

Accepted 2006 May 3. Received 2006 April 29; in original form 2005 December 17

ABSTRACT

Unusual single-pulse behaviour has been identified in two pulsars, B0919-+06 and B1859+-07.
Both stars normally emit bright subpulses in a region near the trailing edge of their profile.
However, they occasionally undergo ‘events', whereby the emission longitude gradually de-
creases by about their profilewidth, remainsin this position for typically several tensof pulses,
and then gradually returns over afew pulses to the usual longitude. The effect bears some re-
semblance to a profile ‘mode change', but here the effect is gradual and episodic. On close
inspection, the separate profiles of the normal and ‘event’ in each pulsar emission reveal a
broad and complex structure — but one which may be understood in terms of the geometry of
aconical beam. Possibly the effect entails an extreme example of variable ‘absorption’ within
the magnetosphere, as suspected in other pulsars. Alternatively, it may be caused by intrinsic
changes in the emission within the pulsar’s beam.

Key words: polarization — radiation mechanisms. non-therma — pulsars: individual:
B0919+06 — pulsars: individual: B1859+07.

1 INTRODUCTION

Pulsar emission phenomena have proved to be arich area of study
and have often provided needed insights for theory building. The
‘classical’ six such phenomena, drifting subpulses, nulling, profile
mode changing, microstructure, polarization modes and *absorp-
tion’ are well known, and several further well-defined behaviours
have been identified in recent years.

We describe below a further possible phenomenon which is
difficult to categorize under the classical terms. It was found in
two little-studied pulsars in the course of analysing sensitive new
Arecibo polarimetric pulse-sequence (PS) observations. The two
stars, B0919+06 and B1859+-07, both exhibit highly asymmetric
average profiles with along leading region of weak emission cul-
minating in a bright ‘component’ with a sharp trailing edge. What
attracted our attention wasthat their bright subpul ses, usually found
in the trailing region, occasionally moved progressively to near the
leading profile edge for several score pulses and then progressively
back again. In one of the pulsars, the effect sometimes seems to
recur in anear-periodic fashion. This behaviour —which we simply
denote as an ‘emission shift’ — is not a subpulse drift in the usual
sense since it does not consist of repeating subpul se bands, but nor
isit exactly like a conventional profile mode change, which tends
to be sudden and accomplished within arotation period.

Asalsowith conventional mode changing, thisunusual behaviour
is difficult to understand in theoretical terms. In particular, it is not
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Figure 4. Total (bold) and partial average (lighter curves) profiles of B1859+07 at 1400 MHz on MJD 52739 (left-hand side) and 53372 (right-hand side) as
in Fig. 3. Here, the partial averages are scaled up by afactor of 1.5 for easier comparison with the total profiles. The lower panels give PA histograms of those
sampleshaving PA errors smaller than 3° aswell asthe average PA curvesfor both the total and the partial profiles. Thetotal profiles are again asymmetric with
gradual leading and sharp trailing edges, whereas the partial averages including only the event pulses are nearly symmetric. Again note the markedly different

profile forms but highly similar PA behaviour.

we have seen in Fig. 3 (right-hand side). Then, in arange includ-
ing 300-500 MHz, it shows two components (e.g. Fig. 3, left-hand
side), spaced by about 3°. At all lower frequencies, theresol ution has
been such that these two features apparently merge into one broad
feature. The entire sweep of this star’s profile evolution can be seen
in Fig. 5, where aset of high-quality total power profiles have been
time-aligned over a frequency range from 50 to 5000 MHz (from
Hankins & Rankin 2006).

Of course, these profiles should not have been aligned asthey are.
The star’s profiles are basically three-componented, so the middle
(probably core) featurewould provide abetter alignment point. This
would shift the longitude origin some 4° earlier — near the leading
peak of the 430-MHz profile— so that the second peak aswell asthe
higher frequency profile peaks align as atrailing conal component.
Then, the time-alignment of the 100-MHz and lower profiles seems
to indicate that they too are dominated by this trailing component,
and in no other profile do we clearly see the central component.

Quality polarimetry is available for B0919+06 at many fre-
guencies from a number of different instruments. In addition to
Blaskiewicz et a. and Hankins & Rankin above, Gould & Lyne
(1998), von Hoensbroech & Xilouris (1997), Rankin et al. (1989),
Stinebring et al. (1984), Suleymanova, Volodin & Shitov (1988) and
Weisberg et al. (1999) have published profil es between 60 MHz and
5 GHz. Unfortunately, most of thiswork giveslittleinsight into the
leading ‘ramp’ region of most interest to us here.
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Another hint may come from the size of the triangular ‘ramp’
on the profile leading edges. We first see evidence of this in the
asymmetry of the 1408-MHz profile, whichweknow, fromtheabove
discussion, isassociated withthe‘ events' and thereforewith activity
in the earlier components. Here, its overall scale (see also Fig. 3)
is hardly 10°, but from 430 MHz down it appears to have a nearly
constant extent of about twice of this.

The nearly symmetrical triangular ‘ramp’ on this star’s trailing
edge at low frequencies is no less strange. We see no hint of it in
our 327-MHz profile, but at 111 MHz, itisasignificant feature. Nor
can this be attributed to scattering. Phillips & Wolszczan (1992)
have shown that scattering dominates the star’s profile at 25 MHz,
but appears to distort it little at 50 MHz. Moreover, the available
polarimetry at low frequencies (Suleymanovaet al. 1988; Hankins&
Rankin 2006) suggeststhat thetriangular ‘ramps’ arehighly linearly
polarized at an angle rotating about +9°/ ° over the entire profile.
These triangular low-frequency features — not really components—
are quite unusual and deserve further study.

Finally, returning to Fig. 3 the partial profiles provide further in-
dications of the profile's structure, but not enough to significantly
improve the geometrical modelsin Rankin (1993). Slightly revising
the values there (see table 5), a putative core width of some 427,
1-GHz profilewidth of about 10° and a PA rate of +9°/° indicate an
inner cone geometry with magnetic latitude and sightlineimpact an-
glesof 53° and 5:1, respectively, and asightline cut some 25 per cent
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Figure 5. Time-aligned average profiles of B0919+06 between 49 and
4870 MHz. All wererecorded using the Arecibo Observatory except those at
61 and 103 MHz, which were acquired at the Pushchino Radio Astronomy
Observatory. Bars indicating the instrumental resolutions are given at the
left-hand side of the diagram [from Hankins & Rankin (2006)].

inwards of the outside conal 3-db edge. Thismay be compatiblewith
the apparent lack of conal spreading at a very low frequency.

6 B1859%+ 07 PROFILE GEOMETRY

A more limited record of published observations is available for
B1859+07, in part because its relatively short period (0.644 s)
combined with a large dispersion measure (253 pccm~3) makes it
difficult to observe at lower frequencies. Polarimetric observations
have been published only by Gould & Lyne (1998) and Weisberg
et al. (2004).% Both show single profiles with a slow rise and steep
trailing edge. The average-profile width increases with decreasing
frequency; itshalf-power dimensionishardly 10° around 21 cm and
may be as much as 20° in the 400-MHz region.

At no frequency does the star exhibit much fractional linear po-
larization, 20 per cent at most. Gould & Lyne's 1408-MHz profile
resemblesthosein Fig. 4in both form and fractional linear; eventhe
PA seems to show both the leading ramp and abrupt —90° ‘jump’.
The PA rate is about +6°/°, and, as we had observed above, the
clear ‘patches’ of modal polarization on the edges of the event par-
tia profile, together with the evidence for low-frequency spreading,

3Both observations show anomalies at lower frequencies: the former's
300-MHz profile is poorly resolved and defined polarimetrically, whereas
the latter authors were unable to detect significant linear polarization.

have the pattern of an outer cone. Moreover, the emission near the
centre of the profile suggests core activity — and altogether argues
that the underlying emission patternisthat of atriple (T) or possibly
afive-component (M) geometry.

We can then compute the basi c emission geometry as above using
theproceduresoutlinedin Rankin (1993) for table5 of that reference.
Estimating theoutside (conal) half-power 1-GHz width of theprofile
as 20° fromthe‘event’ profilesin Fig. 4, we find that the star hasan
outer cone geometry with  and  some 31° and 4:8, respectively.
Interestingly, this geometry also implies a core width of 620, and
while we are not able to measure this width accurately from the
profiles, we can get some indication of its value from the circularly
polarized power inindividua pulsesreferredto above. If wemeasure
the typical separation between the respective leading positively and
weaker trailing negatively circularly polarized subpul ses associated
with the core emission in Fig. 1 (e.g. near pulse 150 or 650), the
interval is clearly afew degrees. In total power, the central feature
inthe‘event’ partial profilesof Fig. 4 appears quite broad, but could
also comprise several merged components (if intrinsically adouble
cone M profile).

7 HOW ARE OEVENTSO TO BE UNDERSTOOD?

Since first noting the emission-shift phenomenon, we have tried to
understand its character and causes. We considered, for instance,
whether it might be caused by a displacement of the emitting re-
gion to ahigher atitude within the polar flux tube. Thisidea seems
appealing given the gradual nature of the event onsets and returns.
However, it turns out that the displacements required are too large
in terms of vertical height in the magnetosphere. In both pulsars,
the magnitude of the shift is about 15°, and interpreted in terms of
light-travel-time would correspond to avertical displacement about
one quarter of the light-cylinder radius (5500 km in the case of
B0919+06 and 8000 km for B1859+-07). These figures greatly ex-
ceed the height above the neutron star’s surface within which the
radio emission is widely believed to originate, and must be con-
sidered implausible. Furthermore, we have demonstrated in both
pulsars a consistency with the picture of a single shared emission
cone for both normal and shifted emission, based on the continuous
PA change acrossthe profile. A sudden increasein emission atitude
would surely lead to an abrupt change to some new PA pattern and
adramatic widening of the total emission cone, and neither of these
features is observed.

Rather, on closer inspection, the usual profile of either star seems
to reflect an incomplete illumination of the full geometric traverse
of the sightline through the emission cone. During the events, the
situationisvery different: herethe partial profiles haverecognizable
forms, dimensions, component structures and even sensible classi-
fications (e.g. Rankin 1983a). In both cases, the usual total profile
is unusually asymmetric, but the partial profiles of the events have
the usual and familiar level of overall cona symmetry. Similarly
with the PA behaviour, especialy of B1859+07: the PA histograms
suggest acompl ete profile with modal power on both edges, but this
power is only observed on the leading edge during events.

Given these circumstances, we wondered whether the events
could be constructively viewed as a kind of profile mode change.
Certainly, we do see agood deal of evidence for more or lessasym-
metric profile illumination in the different modes of many pulsars.
What distinguishes the present phenomenon, though, isits gradual
character: usually we see that pulsars take no more than one or two
pulses to go from the normal emission pattern to a new mode —
indeed, most mode changes seem to occur within a single pulse.
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We can think of no good case of agradual mode-change onset. 4 A
recognizabl e reconfiguration of the emission pattern within about a
single stellar rotation is thus usually implied in a‘ mode change’.

If the ‘events’ are not a form of conventional mode change (or
even if they are), we have seen above that in both pulsarsthey entail
a change in the emission pattern, from one which is concentrated
‘late’ on thetrailing edge of the profile —that iswell past the proba-
blelongitude of the magnetic axis—to one which strongly favoursa
region earlier than the zero longitude. Such a configuration is sug-
gestive of the problematic ‘ absorption’ phenomenon first identified
in pulsar BO809+74 (Bartel 1981; Bartel et al. 1981), but now iden-
tified in a number of situations (e.g. Rankin 1983b). Indeed, in the
current context ‘absorption’ provides an interesting model: if one
looks carefully again at Fig. 1, it doesappear that the leading part
of the emission pattern is usually obscured, but during an ‘event’ it
israther the trailing part which is obscured.

Evidence in other pulsar contexts does indeed suggest that a
partial or complete blockage of the radiation from either the lead-
ing or trailing side of the magnetic axis longitude does occur. The
most interesting recent evidence about the phenomenon comesfrom
the studies of the drifting-subpulse patterns of pulsars B0943+-10
(Deshpande & Rankin 1999, 2001; Rankin & Ramachandran 2003;
Rankin & Suleymanova 2006) and B0809+-74 (Rankin et al. 2005,
2006a,b), where the rotating-subbeam ‘ carousel’ is usualy visible
only at longitudes later and earlier than the central longitude, re-
spectively. Fascinatingly, however, this is not aways the case: in
B0809+74, the *absorption’ characteristics are frequency depen-
dent and are possibly in some cases specific to one polarization
mode. In B0943+-10, recent studies show that the‘ absorption’ prop-
erties can change very slowly; the profile changes entailed in atran-
sition from its Q to B emission mode take the order of an hour
to completely change from favouring emission prior to the central
longitude to nearly precluding it.

We have, however, cautiously maintained inverted commas
around the word ‘absorption’ since the presence of an absorbing
agent between ourselves and the source may not be the only inter-
pretation for the emission shifts in B0919+06 and B1850+07. We
might equally suppose that different regions of the open emission
cone defined by the profile structure illumine at different times, in
themanner of ‘ Christmaslights', so that the emission flipsfrom one
side of the magnetic axis to the other. However, both explanations
demand dynamic, irregular changesin the pulsars’ magnetospheres
—whether in the absorbing or emitting material —for which nomodel
has yet appeared, and there would seem to be no observational way
to distinguish between the two hypotheses.

An interesting point is that in both B0919+06 and B1859+-07,
the ‘events’ shift the emission earlier. Other prominent instances of
“absorption’ show no such bias: as noted above, B0943+10's effect
usually curtailsemission after the central longitude, whereasjust the
oppositeistruefor B0809+-74. Thus, we might specul ate that there
might be other pulsarswhich could usually emit early and then throw
their emission later during ‘events'. Indeed, avery similar effect is
seen in B2034+19, but in that case the changes are quick, bounded
by nulls and are easily classed under the ‘ mode-change’ rubric. It
is also possible that in some stars the ‘events’ occur much more
frequently so that they are seen merely as chaotic subpul se modul a-

4We do have some evidence for agradual aswell as sharp character to mode
changes in pulsar B0943+-10 (Suleymanova et al. 1998; see also Rankin &
Suleymanova 2006).
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tion; pulsar B1604—00 may provide such an instance (e.g. Rankin
1988).

Taking the pulsars B0919+-06, B1859+07 and B1604—00 as the
most convincing exemplars of the emission shift phenomenon, we
attempted to find some common features among their basic phys-
ical parameters. However, their spin-down ages give no clue: they
rangefromthe‘middle-aged’ B0919+06 at 0.5MyrtoB1604—00 at
20 Myr. Much the same is true of their inferred surface magnetic
fields and their corresponding light-cylinder values. The only pos-
sible hint isthat their rotation periods arefairly close to one another
(0.43, 0.64 and 0.43 s, respectively) and somewhat shorter than the
averagefor thegenera population of ‘slow’ pulsars. Physically, this
may suggest that the observed gradual emission shift requires an
intermediate-size light cylinder for its operation.

8 SUMMARY

We identify what may be anew aspect of pulsar behaviour wherein
the emission usually comes from atrailing region of the profile, but
then occasionally shifts earlier over a few pulses to illuminate the
leading part of the profilefor some 20-50 pul ses, and then shiftsback
again over afew pulses. Both B0919+-06 and B1859+-07 exhibit the
effect, the former perhaps once in 2000 pulses and the latter about
10 times more often.

Both stars exhibit asymmetric single profiles which defy ready
classification, though in the case of B0919+06 enough structure
has been discerned to suggest that it has three main components
(Rankin 1993). However, when partia profiles are constructed only
of the pulses framing the ‘ events’, more recognizable profile forms
are found — and in both cases we have been able to identify some
of the underlying component structure and work out their probable
basic emission geometry. It is interesting that B0919+06 is among
the stars thought by Lyne & Manchester (1988) to represent a class
of ‘partial cones’ — and indeed we certainly find that this classifi-
cation is appropriate, given that only during its ‘events' the leading
part of its coneisilluminated. It will be interesting to see if other
pulsars with asymmetric single profiles thus classified by Lyne &
Manchester also exhibit similar ‘events' — and whether other stars
exhihiting theeffect will befound to throw their emission | ater rather
than earlier.

Our primary interest in these pul sarsand their behaviour, however,
liesin the possibility that the ‘events' represent an example of the
profile ‘absorption’ effect. In both, it is possible to interpret the
emission shift as if emission in the leading part of the profile is
normally obscured and then, for brief intervals, the obscuration shifts
to the trailing part of the star’s profiles. ‘Absorption’ appears to
exhibit this sort of asymmetry about the longitude of the magnetic
axisinother pulsars, andit also exhibitsagradual onsetin someother
instances. Nevertheless, we cannot rule out that the effect might
represent an intrinsic relocation of the emission sources within the
defined emission cone, so that the emitting zone appears to shift
laterally as different regions switch on and off. Clearly, we do not
yet understand physically the origin of this phenomenon, but the
starting point must define its observational characteristics.
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