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In this paper we describe the recent discovery of two newgpukdated transient phenomena,
both of which will provide important information on the phgal processes occurring in neu-
tron star magnetospheres. Rotating RAdio Transients (RRAfe a recently identified class of
transient radio sources which were discovered in the Itigmse search ever performed for tran-
sient radio sources (McLaughlin et al 2006). Eleven of these sources have been found and
are characterized by isolated dispersed radio bursts withtidns between 2 and 30 ms, peak
flux densities at 1400MHz of between 0.1 and 3.6 Jy and aveérdgevals between bursts rang-
ing from 4 minutes to 3 hours. So far, no periodicities havenbaetected in their emission using
standard search techniques, although, through an athimalanalysis of the bursts, we have iden-
tified periodicities in the range of 0.4 to 7 s in 10 of the 11ewt§. Period derivatives have been
measured for three RRATS; one with a spin period of 4.3 s hadafarred surface dipole mag-
netic field strength of  x 10 G, perhaps indicating a close relationship between thiscgou
and the high-energy magnetars (Woods & Thompson 2004). \Wesetephemeral objects emit
for a total of only perhaps 0.1 second during a day is not cléae second class of object is
that of the Intermittent Pulsars, exemplified by PSR B193t #whose emission switches ON and
OFF on timescales of weeks and greater (Kramer et al. 2006%. Imtermittent Pulsar shows a
slowdown rate which isv1.5 times greater when ON than OFF, showing for the first tihae t
magnetospheric particle currents play a significant roledth the slowdown and emission pro-
cesses. Four other Intermittent Pulsars have been idetifié are being studied and, as a class,
offer a possible new window on neutron star magnetosphésisips.
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1. Introduction

Transient phenomena are usually difficult to find and charasst, particularly if they spend much
of their time in a null state. This is true of two recently digered types of transient radio source
on which | report in this paper. Both spend much of their timé&dible in quite different ways,
and both have underlying periodicities which are attriblg&o rotating magnetic neutron stars. In
these circumstances, they also represent the small tipadi farger populations which may cause
us to revise our views of what “normal” neutron star behawrisu

2. RRATs- Repeating Radio Transients

RRATSs were discovered recently in the Parkes Multibeamd8sirvey (PMPS) during a search
for transient phenomena in the data. Pulsar searches alyusanducted by performing a Fourier
analysis of dedispersed time-sequence data, revealisguguihrough the highly periodic nature
of the pulses which results in discrete frequency featuneistlaeir harmonics in the spectra. Such
searches have resulted in the discovery of over 750 new rgulstanchester et al. 2001, Mor-
ris et al. 2002, Kramer et al. 2003, Hobbs et al. 2004, Faulkha@l. 2004). In parallel with
such searches, we performed a search for single, dispessesient events. Fig.1 shows two typ-
ical pulses which display the characteristic disperseck&rahrough the channels of the receiver
filterbank.

We found 11 14-arcmin-diameter patches of sky from whichasmmal single, dispersed
bursts of radiation were received. Upon reobserving eacthese patches, more single bursts
were seen, having the same Dispersion Measure (DM) as ti@alrsurvey detection. Each burst
was an isolated pulse of emission of duration between 1 anditi8econds, the next one occur-
ring after an interval which ranged in duration from about ihutes to a few hours. Fig.2 shows
the events during 35-minute observations of each of threghpa. Standard Fourier analysis failed
to find the periodic signature of any normal pulsar, as diti@sling techniques.
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Figure 1: Examples of dispersed pulses from two of the new transiantss: (left) J1443—-60 and (right)
J1819-1458. The lower panel shows the dispersed nature bitists detected in the individual frequency
channels. The upper panel shows the dedispersed time, sfriased by summing outputs of the individual
receiver channels after appropriate delays for the optimainne of the DM.
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Figure2: 35-minute observations of the 3 RRATS, J13B759 (top), 1144360 and J18261429 (bottom).

In these plots, the areas of the symbols are proportionat@bkto-noise ratio of events as a funtion of time
and dispersion measure. Between 1 and 3 significant evemtseceeen during each observation, occurring
at repeating values of dispersion measure (DM).

All sources have been reobserved at least nine times avatseof between one and six
months. All have shown a number of bursts, with between fog 229 events in total from
each object (see Table 1). As far as we can tell from the lohétatistics, the density of sources
on the sky appears to be greater towards the Galactic plahie Ykie survey covered latitudes up
to £5°, as many as eight of the 11 sources hifec 2°. In general, the spatial distribution of the
bursting sources is consistent with that of the young psaldatected in the PMPS (e.g. Kramer et
al. 2003).

Although no periodicities were detected in any of the sositgng standard Fourier or folding
methods, for ten of the sources we were able to identify adagity from the arrival times of the
individual bursts. The period was identified as being thelstacommon denominator of the
differences between the burst arrival times (see Tablel23.0l4 to 7 s range of these periodicities
indicates that these sources are probably rotating nestass. In general, most of the periods are
quite long for normal radio pulsars; five of the ten sourceshzeriods exceeding four seconds,
compared with less than 1% of the known radio pulsar popmratihich have such long periods.
The extremely sporadic nature of the bursts makes locadizaf the sources difficult, with most
positions known only to within one Parkes 1400-MHz 14-aramé beam. However, for three
sources we have been able to determine more accurate pseshirough the application of standard
pulsar timing techniques to the individual burst times (€ab). For these pulsars, we have also
been able to measure period derivatives, which are alligegitable 2), like those of radio pulsars
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Name RA (J2000) Dec (J2000) DM D Wy, S Np/Tops
hms o pcent® kpc ms mly  hrl
J0848-43 08:48(1) -43:16(7) 293(19) 55 30 100 27/19
J1317-5759 13:17:46.31(7) -57:59:30.2(6) 145.4(3) 3.2 1000 108/24
J1443-60  14:43(1) ~60:32(7) 369(8) 55 20 280 32/41
J1754-30  17:54(1) ~30:11(7) 98(6) 2.2 16 160 18/30

J1819-1458 18:19:33.0(5) -14:58:16(32) 196(3) 3.6 3  36009/1B
J1826-1429 18:26:47.28(7) -14:29:06(6)  159(1) 3.3 2 600 /16l1

J1839-01  18:39(1) ~01:36(7) 307(10) 65 15 100  8/13
J1846-02  18:46(1) —02:56(7) 239(10) 52 16 250 11/10
J1848-12  18:48(1) —12:47(7) 88(2) 24 2 450 10/8
J1911+00  19:11(1) +00:37(7) 100(3) 3.3 5 250  4/13

J1913+1333 19:13:17.69(6) +13:33:20.1(7) 175.8(3) 57 250 6 66/14

Table 1: Measured and derived parameters for the 11 RRATS. For eazlyjwe the Right Ascension, the
Declination, the DM, the inferred distance, the averagestoduration at 50% of the maximum, the peak
1400-MHz flux density of brightest detected burst and the e&ibccurrence, which is the ratio of the total
number of bursts detected to the total observation timémased 1o errors are given in parentheses where
relevant and refer to the least-significant quoted digit.

as they spin down.

It seems therefore that the new sources represent a prgvisusiown population of bursting
neutron stars, which we call Rotating RAdio Transients (RRA In Figure 3, we show the rela-
tionship of these sources to other neutron star populatidhe inferred surface dipolar magnetic
field of J1819-1458 of 6 x 10'* G is greater than the magnetic field of all but four of the 1700
known radio pulsars and is comparable to those of the higiggrmagnetars (McLaughlin et al.
2003; Woods & Thompson 2004). This pulsar is young, with aatteristic age of 117 kyr, which
is smaller than those of 94% of all currently known radio ptds The magnetic fields and ages of
the other two sources are, however, fairly typical of “nofrmadio pulsars. None of the objects
lie in the region of the period-period derivative diagranydoed which pair production, and hence
radio emission, is expected to cease (Zhang et al. 2000)RR#d's for which we have measured
period derivatives show no evidence for binary motion. lilse, we see no evidence for glitches
or other timing abnormalities, although continued timisghecessary to gauge the regularity of
spin-down rates. In the future, radio polarization data reagble us to constrain the emission
mechanisms.

The discovery of this population of RRATS results in subBtdly increased estimates of the
total number of active radio-emitting neutron stars in ttada®y. For instance, we have detected,
on average, one single burst for every three hours of obsemniame for J1911+00. The chance
of detecting this source within the single 35-min PMPS obestion was therefore less than 20%,
implying that there should be roughly five times the numbesiwilar sources in the same searched
volume of the Galaxy. Applying a similar analysis to all okthursting RRATs shows that we
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Name P Epoch P B Age E
S MID 10%ss?! 10%G Myr 10%terg st
J0848-43  5.97748(2) 53492 — - — -

J1317-5759 2.6421979742(3) 53346  12.6(7) 5.83(2) 3.33(2)2.69(1)
J1443-60  4.758565(5) 53410 - - - -
J1754-30  0.422617(4) 53189 - - - -
J1819-1458 4.263159894(6) 53265  576(1)  50.16(6) 0.1)172(R49.4(5)
J1826-14  0.6603545503(1) 53372 - - - -

J1839-01 0.93190(1) 51038 - - - -
J1846-02 4.476739(3) 53492 - - - -
J1848-12 6.7953(5) 53158 - - - -

J1913+1333 0.9233885242(1) 53264  7.87(2) 2.727(4) 16360( 39.4(1)

Table 2: Measured and derived parameters of the 10 sources for whithds have been determined. For
each source, we give the J2000 source name, the period anelagurable, the period derivative. Assuming
that the objects are indeed rotating neutron stars, thereédfesurface dipole magnetic field is calculated
asB = 3.2 x 10'%/PP G, the characteristic age as= P/2P and the spin-down luminosity agil PP~3,
wherel, the neutron star moment of inertia, is assumed to 5@ ¢@n? (see Lorimer & Kramer 2005).

expect there to be twice as many RRATs as we have detectedimiilar sensitivity level and
sky coverage as for the PMPS. However, this number may bess graderestimate. Firstly, it is
very difficult to identify such sources in the many obsemmasi which are contaminated with large
amounts of impulsive radio-frequency interference. Warese that there may be at least twice
as many similar sources that were missed due to this effetorily, we are only extrapolating
to the area covered by the PMPS, and the true distributiorRATR is not known. In addition,
because our sensitivity in this search was diminished fostlurations greater than 32 ms, there
may be many more sources with longer bursts that fell belavdetection threshold. Furthermore,
previous surveys with observations times of a few minutedittdée chance of detecting such events
and most did not include searches for them.

With these caveats in mind, we have carried out a Monte Carialation to provide a first-
order estimate of the size of the Galactic population oféHeRATs. The implied size of the Galac-
tic population of RRATS itN ~ 4 x 10°(L,,,,/20mJy kpé) % x (0.5/ for) x (0.5/ f,,) x (0.1/f,),
where fqn is the fraction of sources with bursts visible within our 8&A observationf,, is the
fraction of bursts not missed due to interference §niss the fraction of RRATs whose bursts are
beamed towards the Earth. Note that the average beamingpfrdor pulsars is roughly 10%,
and this decreases for longer period pulsars (Tauris & Mesten 1998). Assuming that the total
Galactic population of active radio pulsars is of orde? {€g. Vranesevic et al. 2004), the dis-
covery of RRATSs increases the current Galactic populatgimetes of neutron stars by at least

several times.
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Figure 3: The P-Pdot diagram for pulsars (small symbols), magnefilesi(rectangles) and an isolated dim
X-ray neutron star (diamond), with the positions of the 3 RRAstars) for which period derivatives have
been determined from coherent timing solutions. The perifcthe remaining 7 RRATSs for which only

periods have been determined are shown as vertical bans tedaupper axis.

3. PSR B1931+24 and Inter mittent Pulsars

PSR B1931+24 has been observed for many years in the timogggmme using the 76-m
Lovell Telescope at Jodrell Bank and initially seemed tomerainary pulsar, with a spin period of
813 ms (Stokes et al. 1985). It had a typical rotational fesqy derivative o/ = —12.2 x 10 1°
Hz s ! (Table 1, Hobbs et al. 2004). It was noted that it exhibitssiderable short-term rotational
instabilities intrinsic to the pulsar, known as timing r@ibut shows no evidence for the presence of
any stellar companion. It became clear a few years ago thatutsar was not detected in many of
the regular observations and that the flux density distidbuas bimodal, the pulsar being either
ON or OFF (Kramer et al. 2006). Figure 4a shows the best sahgaa span which covers a 20-
month period between 1999 and 2001 and demonstrates thiepgualic fashion of the ON-OFF
sequences. The pulsar is typically ON for a week and comnlgléteF for the following month. The
power spectrum of the data reveals a streng5-d periodicity with two further harmonics, which
reflect the duty-cycle of the switching pattern (Fig. 4b)Judting a much longer time-series from
1998 to 2005, including some intervals of less densely sadata, we find that the periodicities
are persistent but slowly varying with time in a range fromt@@0 days. No other known pulsar
behaves this way.

Despite the switches between the ON and OFF states beingvangs, we have been able to
observe one switch from ON to OFF which occurred within 10osés, the time resolution being
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Figure 4: The intermittent nature of the radiation from PSR B1931-#xaer et al. 2006). a) The vertical

bars in the upper diagram show the location of good obsemnsitdf the pulsar during a 600-day period.
The lower diagram shows vertical bars for those observatiorwhich the pulsar was detected (ON). b)
The spectrum of the time sequence in a), obtained from thiégiomansform of its autocorrelation function.

Inset are histograms of the lengths of the 'ON’ (filled area) &OFF’ (hatched area) intervals.

limited by the signal-to-noise ratio of the observations.

We have examined the rotation rate of the pulsar over a 1§@eidod during which the sam-
pling of the data was particularly dense (Fig. 5, top). Theateon is dominated by a decrease in
rotational frequency which is typical for pulsars. Howegvaspection of the longer sequences of
the available ON data reveals that the rate of decreasensnewee rapid during these phases, indi-
cating greater values of rotational frequency first deivegthan the average value. This suggests a
simple model in which the frequency derivative has différatues during the OFF and ON phases.
Such a model accurately describes the short-term timinigti@ns seen relative to a simple long-
term slow-down model (Fig. 5, bottom). Over the 160-daygeshown, the pulsar was monitored
almost daily, so that the switching times are defined to withfraction of a day, and a model could
be fitted to the data with good precision. The addition of @leiextra parameter (i.e. two values
of frequency derivative rather than one) reduces the timésgluals by a factor of 20 and provides
an entirely satisfactory description of the data. A simiiting procedure has been applied to other
well-sampled sections of data and produces consistentlrpadameters, giving values for the ro-
tational frequency derivatives of,r = —10.8(2) x 107 1° Hz s7* and v, = —16.3(4) x 10°1°
Hz s~1. These values indicate that there is30% increase in the magnitude of the spin-down rate
of the neutron star when the pulsar is ON.

We have searched our databases carefully for other pulégch way exhibit this phenomenon.
Four other candidates have been identified and are beinigdtoow. One of these is PSR J1832+0029
which shows the same basic phenomenon on an even longectiteefig. 6 shows the variation
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Figure 5: Top panel: The variation of the rotational frequencyf PSR B1931+24 over a period of 160
days (Kramer et al. 2006). The increase in steepness ofdpe sluring the 'ON’ periods compared with
the mean slope can be seen clearly, indicating an increasevdown rate. Bottom panel: Timing residuals
relative to a simple slowdown model over the same period. lieeshows a fitted model which includes a
single extra parameter, an increase in frequency derevdtiving the 'ON’ phase, and provides an excellent
description of the data.

in its rotational frequency, showing a similar increaselawsdown rate during the ON periods.

The observed quasi-periodicity in PSR B1931+24's actiaity its time-scale have never seen
before as a pulsar emission phenomenon and are accompamesbive changes in the rotational
slow-down rate. This raises a number of questions. Why doesrmission switch ON and OFF?
Why is the activity quasi-periodic? Why is the pulsar spimgnilown faster when it is ON?

On the shortest, pulse-to-pulse time scales, intrinsicdlensity variations are often observed
in pulsar radio emission. The most extreme case is displayedsmall group of pulsars, which are
known to exhibit nulls in their emission, i.e. the randometnsf a sudden obvious lack of pulsar
emission, typically for between one and a few dozen pulsation periods (Backer 1970). An
acceptable explanation for such “nulling”, which appearsd the complete failure of the radiation
mechanism, is still missing. This nulling represented treykst known time scales for an intrinsic
disappearance of pulsar emission. Although the OFF peinBSR B1931+24 last five orders of
magnitude longer than typical nulling and the activity paitis quasi-periodic, this may well be
the same basic phenomenon as nulling.

The approximate 35-day period might be attributed to freze@ssion, although we find no
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Figure 6: The variation of the rotational frequeneyof PSR J1832+0029 over about 4 years. The pulsar
was OFF for the gap 0£600 days between the two ON periods. Note the increased toagrof frequency
derivative during the 'ON’ periods.

evidence of expected profile changes (e.g. Stairs et al.)200@ sudden changes between the two
states, occurring within 10 seconds, and the imperfecttaoonyg of the periodicity point toward a
relaxation oscillation of unknown nature within the pulsgstem, rather than precession.

What can cause the radio emission to cut off so quickly? Tleeggrassociated with the radio
emission from pulsars accounts for only a very small fractié the pulsar’s slow-down energy
which may suggest that the disappearance of radiation iglgidue to the failure of the coherence
condition in the emission process (Michel 1991). Howewuerthis case, the long timescales of
millions of pulsar rotations are hard to understand.

An alternative explanation is that there is a more globalifaiof charged particle currents in
the magnetosphere. Intriguingly, the large changes in-slown rate that accompany the changes
in radio emission can also be explained by the presence enabsf a plasma whose current
flow provides an additional braking torque on the neutron stathis model, the open field lines
above the magnetic pole become depleted of charged ragligdiriicles during the OFF phases
and the rotational slow-dowmg, is caused by a torque dominated by magnetic dipole radiatio
(Pacini 1967; Gunn & Ostriker 1969). When the pulsar is OM,dbcrease in rotational frequency,
Von: IS enhanced by an additional torque provided by the outfigvplasma,T ~ 3—20IpCBOR%C,
whereB, is the dipole magnetic field at the neutron star surfacelgne nR%Cpc which is the
electric current along the field lines crossing the polar, d&gving radius oR, (e.g. Harding
et al. 1999} The charge density of the current can be estimated from fferefice in loss in
rotational energy during the ON and OFF phases. When thaipisl®N, the observed energy loss,
EON = 477 VVgy is the result of the sum of the magnetic dipole braking as seeing the OFF
phasesl'—iOFF = 417 VVorr and the energy loss caused by the outflowing cuni?gmtj = 21TV,
i.e. Eony = Eorr+ E,ing Wherel is the moment of inertia of the neutron star. From the difieee

1in order to be consistent with existing literature e.g. Hizgcet al. 1999, we quote formulae in cgs-units but refer
to numerical values in Sl units.
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in spin-down rates between OFF and ON phafes= Vo — Vo, We can therefore calculate
the charge density = 31AV /Rf B, by computing the magnetic fieBy, = 3.2 x 10",/ Vpe/V3
Tesla and the polar cap radig; = /2mR3v /c for a neutron star with radiu’ = 10 km and a
moment of inertia of = 10°8 kg n? (Lorimer & Kramer 2005). We find that the plasma current that
is associated with radio emission carries a charge denisjty=00.034 C n13. This is remarkably
close to the charge density, ; = B,v/cin the Goldreich-Julian model of a pulsar magnetosphere
(Goldreich & Julian 1969), i.ep5;=0.033 C n13.

Such current is sufficient to explain the change in the neustar torque, but it is not clear
what determines the long timescales or what could be resiglerfer changing the plasma flow
in the magnetosphere. In that respect, understanding Ssatien of radiation that we see in
PSR B1931+24, may ultimately help us to also understandhardinulling. Whatever the cause
is, it is conceivable that the onset of pulsar emission may b@lent event which may be re-
vealed with high-energy observations. While an archivakae for X-ray ory-ray counterparts
for PSR B1931+24 has not been successful, the relativadg ldistance of the pulsax(4.6 kpc)
and arbitrary viewing epochs may make such a detection eiglikrhe relationship between the
presence of pulsar emission via radiating particles andritreased spin-down rate of the neu-
tron star provides strong evidence that a pulsar wind plasigrificant role in the pulsar braking
mechanism. While this has been suggested in the past (étlgoBky 2004), direct observational
evidence has hitherto been missing. We note that, as a aosseg| of the wind contribution to
the pulsar spin-down, the surface magnetic fields estinfatetbrmal pulsars from their observed
spin-down are likely to be overestimated.

The behaviour of PSR B1931+24 suggests that many more sijmtt®bxist in the Galaxy but
have been overlooked so far because they were not activiegdeither the search or confirmation
observations. The periodic transient source serendigigdaund recently in the direction of the
Galactic centre (Hyman et al. 2005) may turn out to be a dfirodscale version of PSR B1931+24
and hence to be a radio pulsar. In general, the timescalelvew/in the observed activity patterns
of these sources pose challenges for observations sclleglitecurrent telescopes. Instead, future
telescopes with multi-beaming capabilities, like the Squgilometre Array (SKA) or the Low
Frequency Array LOFAR), which will provide continuous mtoring of such sources, are needed
to probe such timescales which are still almost completegxplored in most areas of astronomy.
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