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Simultaneous radio and X-ray observations of PSR BO6122

K. Rajwadel* A. Seymour‘ D. R. Lorimer}< A. Karastergiol?, M. Serylak?>5
M. A. McLaughlin* and J.-M. Griessmeief

ABSTRACT
We report results from simultaneous radio and X-ray observations of PSR 828 ixhich

is known to exhibit bursting in its single-pulse emission. The pulse phase of the bursts vary
e

with radio frequency. The bursts are correlated in 327/150 MHz data sets while they ar
anti-correlated, with bursts at one frequency associated with normal emission at the other, i
820/150 MHz data sets. Also, the ux density of this pulsar is lower than expected at 327 MHz
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assuming a power law. We attribute this unusual behaviour to the pulsar itself rather thang
absorption by external astrophysical sources. Using this data set over an extensive frequenc'g
range, we show that the bursting phenomenon in this pulsar exhibits temporal variance over @oL
span of few hours. We also show that the bursting is quasi-periodic over the observed band. Thé
anti-correlation in the phase offset of the burst mode at different frequencies suggests that th%

mechanisms responsible for phase offset and ux enhancement have different dependenci
on the frequency. We did not detect the pulsar witld{M—Newtonand place a 99 per cent
con dence upper limit on the X-ray ef ciency of 1G.

Key words: stars: neutron—pulsars: general — pulsars: individual: PSR B211

1 INTRODUCTION pulsar makes it an intergsting object for studies of radio emission
and single-pulse properties.
The 0.33 s pulsar PSR B0611+22 (characteristic &pekyr) was The pulsar was studied by NowakowskiB02), who found that
discovered by Davies, Lyne & Seiradakio{2) and was initially PSR B0611+22 appears to exhibit different modes in which the
thought to be associated with the supernova remnant (SNR)enhanced emission mode peaked at a later pulse phase than the
IC 443 which lies at close angular separation to the pulsar (Davies average pro le and the weak mode peaked at an earlier phase. Re-
et al.1972; Hill 1972). This association was always doubtful as the cently, Seymour, Lorimer & Ridley (2014) performed a detailed
pulsar lies well beyond the radio shell (Duin & van der L4&75) study of the emission behaviour of PSR B0611+22. They found
of the remnant. Recent X-ray observations detected a compactthat, at 327 MHz, the pulsar shows steady emission in one mode
X-ray source within the remnant shell and the corresponding pulsar which is enhanced by bursting emission that is slightly offset in
wind nebula (Olbert et aR001) which rejected any association of pulse phase from this steady emission. Seymour ef@ll4) also
the pulsar with the remnant. Moreover, IC 443 is known to lie within  observed the bursting to be quasi-periodic with a period around
the molecular cloud G189+3.3 (Bocchino & Bykd@000) which 1000 pulse periods. This type of behaviour has also been seen in
lies along the line of sight to the pulsar. Although, the distances to other pulsars like PSR J1752+2358 (Gajjar, Joshi & Wrigai4)
these sources are highly uncertain, it is reasonable to assume thaand PSR J1938+2213 (Lorimer, Camilo & McLaughl2D13).
the pulsar lies beyond these dense regions (F&984; Welsh & PSR B061%22’s short mode changes with offset in the emission
Sallmen2003). This suggests that the radio emission propagatesphase could be responsible for the high degree of timing noise the
through the dense medium which might contribute to the pulsar’s pulsar exhibits (Arzoumanian et d1994).
dispersion measure (DM) 86 pccm . The environment of this The phenomena of nulling and mode changing which relate to
such emission behaviour have been studied in different pulsars for
four decades. They were rst observed and reported by Backer
kmrajwade@mix.wvu.edu aseymour@naic.edu (Backfsr1970§1,b,c,d). Mode changing pulsars are pulsars in which,
duncan.lorimer@mail.wvu.ecu from time to time, the mean pro le abruptly changes between two

es
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or more quasi-stable states (Bartel & Hanki©882; Wang, 2 OBSERVATIONS
Manchester & JohnstoR007) while nulling is the abrupt cessa-
tion of radio emission for one or more pulse periods. Nulling has
been postulated to be an extreme case of mode changing (Wan
et al.2007; Timokhin2010). In a series of papers, Rankin (Rankin
1983,1986; Rankin & Ramachandr&®03) tried to understand the - . - e
L : . servation con gurations for the radio telescopes are given in Table
emission geometry and behaviour of such pulsars. According to her ; .
. ; . The data were recorded and converted into multi-channel lterbank
model, the emission beam of a pulsar consists of a central core emis- . - . ,
. i o format before being written out to disk. Then, the data were inco-
sion beam surrounded by multiple annular cones of emission. The ) -
. herently dedispersed using at the pulsar DM of 96 pccini
pulse pro le we observe depends on which core and/or cone beams . : . . .
. : . to remove the dispersion delay of incoming radio waves due to
are traversed by the line of sight of the observer. Rankin (1986) sug- . -
. o he interstellar medium. For the LOFAR (FR606) data, coherent
gested that mode changing can be thought of as a reorganization of . . A -
S L : edispersion was carried out using  (van Straten et aR011).
such core and conal emission resulting in a change in the observead

. . : Simultaneously, the pulsar was observed XWMM—-Newton
pulse prole. Mode changing has been observed in most multi- ; . )
. . . The XMM-Newtonobservations used the photon imaging camera
component pulsars (pulsars with more than one component in their

emission pro le) (Rankirl986). Many pulsars like PSR B23460 (EPIC) (Stiider et al2001; Turner et al2001). The PN-CCD was

; operated in small-window mode with a medium Iter to block stray
;Vr\llc;l%hst.g Eivglf}éiigl()ézr?EnB%sfggg(Sf;%fg)ogﬁﬁ?ﬁ?s optical light. All the events recorded by the PN camera are time-
. ’ g . ... tagged with a temporal resolution of 5.7 ms. On the other hand, the
phenomenon. Both nulling and mode changing have been studied in : - . -
200 pulsars so far (Biggs 1992 Weltevrede, Edwards & MOS CCDs were operated in full-window mode with a medium

) ) .. . Iter in each camera, which provide us with a large eld of view.
??gfor?lof;z r\]’\; asnt?e; illaigogd :sag?:r(’)r?;:]liiioKr:apnﬁ;f\ki tha The coverage of various telescopes during the whole observation is
single component (Rankit®83). This makes the pulsar interesting llustrated in Tablel.
as the phase offsets and ux enhancement are small in comparison
to other pulsars in terms of magnitude and time-scale and are harder
to explain in the standard framework. Recently, a global picture of 3
quasi-stable states of the magnetosphere has come to the fore (Lyne .
et al. 2010; Hermser2013). Hermsen (2013) discovered an anti- 3-1 Broad-band bursting

correlation between X-ray and radio emission in the two modes \we analysed the radio data for bursting behaviour at different fre-
of emission of PSR B0943+10. This result motivated us to ask quencies similar to Seymour et al. (2014). For each frequency,
whether such X-ray emission is also detectable in PSR BEBA1  namely 820, 327 and 150 MHz, the time series were folded at
and, if yes, how does it relate to the mode changes seen in radio%he topocentric period of the pulsar to generate the averaged pulse
This led to a simultaneous radio and X-ray observation campaign pro les shown in Fig.1.
of PSR B0611+22. For these folded time series (see Fy.we Fourier transformed

As mentioned above, PSR B06422 has an SNR and amolecu-  the energies at each pulse longitude (phase bin) to obtain a longitude
lar cloud in its vicinity. Such dense environments around and likely, resolved uctuation spectrum for 327 and 820 MHz. The uctuation
in front of the pulsar make it an ideal candidate to study the effects spectrum was integrated over speci ¢ On and Off pulse windows
of these environments on the measured ux density. Previously, to obtain the integrated power spectrum for both regions as shown
pulsars within such dense environments have been known to showin Fig. 3. The gure suggests that bursts seem to be quasi-periodic
a spectral turnover at frequencies arouh@®Hz (Kijak, Gupta & at both frequencies. We derived a rough periodicity for the bursts
Krzeszowski2007; Kijak et al.2011). A recent study by Rajwade,  of 2500 pulse periods from Fig3. The periodic nature of emis-
Lorimer & Anderson (2016) shows that it is possible to derive the sjon is evident in Fig4 which shows how energy of a single bin
physical parameters of these dense regions by modelling the ux corresponding to the peak in the average pro le varies in time. The

density spectrum of the pulsar. In this paper, we try to characterize prg le was chosen from the ON pulse window at 327 and 820 MHz
the peculiar emission behaviour with a multi-wavelength, broad- as done in Seymour et al. (2014).

band data set of the pulsar. The observational details are given in
Section 2. The results are presented in Section 3. The discussions
based on the results are in Section 4. The conclusions are given in pn.:/mww.cv.nrao.edu/sransom/presto

Section 5. http://dspsr.sourceforge.net

All observations were carried out on MJD 56756. PSR BG&PL

was observed at three different radio frequencies including 327 MHz
g(Arecibo Observatory), 820 MHz (Green Bank Telescope) and
150 MHz (International LOFAR station-Nancay, France). The ob-

RESULTS

MNRAS 462,2518-2526 (2016)
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2.0 ‘ ‘ ‘ ‘ ferent at 327 and 820 MHz when compared to their correspond-
ing 150 MHz data sets. The correlation in 327/150 MHz and the
anti-correlation in 820/150 MHz of the bursting is evident in
Fig. 5 which shows the cross-correlations between the two fre-
gquencies. Fig5 reveals a slight offset in the maximum of the
327/150 MHz (60 bins) and the minimum of the 820/150 MHz
(50 hins) plot from the zero lag. Since the offsets are compa-
rable to the kernel width used to smooth the data sets along the
time axis, they are insigni cant and most likely not intrinsic to this
phenomenon.

We divided the time series into sections with no bursting and
where bursting was clearly evident. The sections were selected vi-
sually from the smoothed data. From these sections, average pro les
820 MHz were created by summing the energies over the phase bins where
the pulsed emission was seen. The pro les clearly bring out the dif-
ference in the behaviour of bursting at both frequencies. The pro le
0.10 0.15 0.20 0.25 0.30 for the bursting pulses is phase shifted in pulse longitude at the two

Time (s) frequencies as reported by Seymour et201(4) although there is a
difference in the direction of the phase shift. At 327 MHz, the phase
shift occurs towards the trailing edge of the pro le while it occurs
at the leading edge of the pro le at 820 MHz. This is illustrated in

g.6
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Due to telescope scheduling constraints, there was no overlapFI
between the 327 and 820 MHz observations. However, each of
those qbservations overlapped with _the 150 MHz observations so3 5 Spectral turnover
we decided to compare the observations at 327 MHz and 820 MHz
with the corresponding spans in the 150 MHz observations. Since As we had multi-frequency data, we investigated the spectral be-
we do not have high enough sensitivity from the LOFAR (FR606) haviour of this pulsar. Using the modied radiometer equation
observations to detect single pulses, we decided to convolve the(Lorimer & Kramer2012), the ux density
pulse stack using a 2-D Gaussian kernel with a width spanning 64 T A
time bins (i.e. single pulses) and 5 pulse phase bins. We applied theS = GN ~N (1)
same smoothing to each data set to give them comparable resolution.

To ensure time alignment, we removed dispersion delay for eachwhereA is the area under the pulsd, is the total number of
telescope using in nite frequency as the reference. The time seriesphase bins in the pro leN is the number of polarizationg, is

for each data set were barycentred to remove any time delays duehe total integration time of each phase bin of the pulse pro le,
to different locations of the telescopes. is the correction factor for digitization, is the rms of the noise

By doing this, we were able to obtain snippets of data sets where in the pulsar time series and the rest of the parameters are as given
we could study the bursting behaviour simultaneously at different in Tablel.
radio frequencies. Fi@ clearly shows enhanced emission to study Estimating the ux of the LOFAR observations was not a straight-
broad-band correlations. The emission exhibits a change in its be-forward process. For FR606, which consists of antennas without
haviour going from 820/150 MHz observations to 327/150 MHz moving parts, the temperature is strongly dependent on frequency,
observations. The direction of phase shift during bursting is dif- while the gain depends on frequency and on source position on the
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