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In this paper we describe the recent discovery of two new pulsar-related transient phenomena,
both of which will provide important information on the physical processes occurring in neu-
tron star magnetospheres. Rotating RAdio Transients (RRATS) are arecently identi ed class of
transient radio sources which were discovered in the largest-scal e search ever performed for tran-
sient radio sources (McLaughlin et al 2006). Eleven of these new sources have been found and
are characterized by isolated dispersed radio bursts with durations between 2 and 30 ms, peak
ux densities at 1400MHz of between 0.1 and 3.6 Jy and average intervals between bursts rang-
ing from 4 minutesto 3 hours. So far, no periodicities have been detected in their emission using
standard search techniques, although, through an arrival-time analysis of the bursts, we have iden-
ti ed periodicitiesin the range of 0.4 to 7 sin 10 of the 11 obj ects. Period derivatives have been
measured for three RRATS; one with a spin period of 4.3 s has an inferred surface dipole mag-
netic eld strength of 0:5 10 G, perhaps indicating a close relationship between this source
and the high-energy magnetars (Woods & Thompson 2004). Why these ephemera objects emit
for atota of only perhaps 0.1 second during a day is not clear. The second class of object is
that of the Intermittent Pulsars, exempli ed by PSR B1931+2 4, whose emission switches ON and
OFF on timescales of weeks and greater (Kramer et a. 2006). This Intermittent Pulsar shows a
slowdown rate which is 1.5 times greater when ON than OFF, showing for the rst time t hat
magnetospheric particle currents play a signi cant rolein both the slowdown and emission pro-
cesses. Four other Intermittent Pulsars have been identi e d and are being studied and, as a class,
offer a possible new window on neutron star magnetospheric physics.
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1. Introduction

Transient phenomena are usualy dif cult to nd and charact erise, particularly if they spend much
of their timein anull state. Thisistrue of two recently discovered types of transient radio source
on which | report in this paper. Both spend much of their time invisible in quite different ways,
and both have underlying periodicitieswhich are attributabl e to rotating magnetic neutron stars. In
these circumstances, they al so represent the small tips of much larger popul ationswhich may cause
usto revise our views of what normal neutron star behaviou ris.

2. RRATs- Repeating Radio Transients

RRATSs were discovered recently in the Parkes Multibeam Pulsar Survey (PMPS) during a search
for transient phenomenain the data. Pulsar searches are usually conducted by performing a Fourier
analysis of dedispersed time-sequence data, revealing pulsars through the highly periodic nature
of the pulses which resultsin discrete frequency features and their harmonicsin the spectra. Such
searches have resulted in the discovery of over 750 new pulsars (Manchester et a. 2001, Mor-
riset a. 2002, Kramer et a. 2003, Hobbs et al. 2004, Faulkner et al. 2004). In paralel with
such searches, we performed a search for single, dispersed transient events. Fig.1 shows two typ-
ica pulses which display the characteristic dispersed tracks through the channels of the receiver
[terbank.

We found 11 14-arcmin-diameter patches of sky from which occasiona single, dispersed
bursts of radiation were received. Upon reobserving each of these patches, more single bursts
were seen, having the same Dispersion Measure (DM) as the original survey detection. Each burst
was an isolated pulse of emission of duration between 1 and 20 milliseconds, the next one occur-
ring after an interval which ranged in duration from about 4 minutes to a few hours. Fig.2 shows
the events during 35-minute observations of each of three patches. Standard Fourier analysisfailed
to nd the periodic signature of any normal pulsar, as did fas t-folding techniques.
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Figure 1: Examples of dispersed pulses from two of the new transient sources: (left) J1443 60 and (right)
J1819 1458. The lower panel shows the dispersed nature of th e bursts detected in the individual frequency
channels. The upper panel shows the dedispersed time series, obtained by summing outputsof theindividual
receiver channels after appropriate delays for the optimum value of the DM.
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Figure 2: 35-minuteobservationsof the 3RRATS, J1317 5759 (top), J1443 60and J1826 1429 (bottom).
In these plots, the areas of the symbols are proportional to signal-to-noiseratio of events as afuntion of time
and dispersion measure. Between 1 and 3 signi cant events ca n be seen during each observation, occurring
at repeating values of dispersion measure (DM).

All sources have been reobserved at least nine times at intervals of between one and six
months. All have shown a number of bursts, with between four and 229 events in total from
each object (see Table 1). Asfar aswe can tell from the limited statistics, the density of sources
on the sky appears to be greater towards the Galactic plane. While the survey covered latitudes up
to 5, asmany aseight of the 11 sources have jbj < 2 . In general, the spatia distribution of the
bursting sources is consistent with that of the young pulsars detected in the PMPS (e.g. Kramer et
a. 2003).

Although no periodicitieswere detected in any of the sources using standard Fourier or folding
methods, for ten of the sources we were able to identify a periodicity from the arrival times of the
individual bursts. The period was identi ed as being the sma llest common denominator of the
differences between the burst arrival times (see Table 2). The 0.4 to 7 srange of these periodicities
indicates that these sources are probably rotating neutron stars. In general, most of the periods are
quite long for normal radio pulsars; ve of the ten sources ha ve periods exceeding four seconds,
compared with less than 1% of the known radio pulsar population which have such long periods.
The extremely sporadic nature of the bursts makes localization of the sources dif cult, with most
positions known only to within one Parkes 1400-MHz 14-arcminute beam. However, for three
sources we have been able to determine more accurate positionsthrough the application of standard
pulsar timing techniques to the individua burst times (Table 1). For these pulsars, we have also
been able to measure period derivatives, which are all positive (Table 2), like those of radio pulsars
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Name RA (J2000)  Dec (J2000) DM D Wy Supo No/Ty.
hms b pcem 3 kpc ms mly  hrl
084843 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) 1454(3) 32 10 1100 108/24
J144360  14:43(1) 60:32(7) 369(8) 55 20 280 3241
N75430  17:54(1) 30:11(7) 98(6) 22 16 160 18/30

J1819 1458 18:19:33.0(5) 14:58:16(32) 196(3) 36 3 3600 2 29/13
J1826 1429 18:26:47.28(7) 14:29:06(6) 159(1) 33 2 600 11 /16

J183901  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
Ji84812  18:48(1) 12:47(7) 88(2) 24 2 450 10/8
J1911+00  19:11(1) +00:37(7) 1003) 33 5 250  4/13

J1913+1333 19:13:17.69(6) +13:33:20.1(7) 1758(3) 57 2 650 66/14

Table 1: Measured and derived parameters for the 11 RRATSs. For each, we give the Right Ascension, the
Declination, the DM, the inferred distance, the average burst duration at 50% of the maximum, the peak
1400-MHz ux density of brightest detected burst and the rat e of occurrence, which is the ratio of the total
number of bursts detected to the total observation time, Estimated 1-0 errors are given in parentheses where
relevant and refer to the least-signi cant quoted digit.

as they spin down.

It seems therefore that the new sources represent a previously unknown popul ation of bursting
neutron stars, which we call Rotating RAdio Transients (RRATS). In Figure 3, we show the rela
tionship of these sources to other neutron star populations. The inferred surface dipolar magnetic
eld of J1819 1458 of 0 :5 10 G is greater than the magnetic eld of al but four of the 1700
known radio pulsars and is comparabl e to those of the high-energy magnetars (McLaughlin et al.
2003; Woods & Thompson 2004). This pulsar isyoung, with acharacteristic age of 117 kyr, which
issmaller than those of 94% of al currently known radio pulsars. The magnetic elds and ages of
the other two sources are, however, fairly typical of normal radio pulsars. None of the objects
liein theregion of the period-period derivative diagram beyond which pair production, and hence
radio emission, is expected to cease (Zhang et al. 2000). The RRATSs for which we have measured
period derivatives show no evidence for binary motion. Likewise, we see no evidence for glitches
or other timing abnormalities, although continued timing is necessary to gauge the regularity of
spin-down rates. In the future, radio polarization data may enable us to constrain the emission
mechanisms.

The discovery of this population of RRATS resultsin substantially increased estimates of the
total number of active radio-emitting neutron stars in the Galaxy. For instance, we have detected,
on average, one single burst for every three hours of observation time for J1911+00. The chance
of detecting this source within the single 35-min PMPS observation was therefore less than 20%,
implying that there should be roughly ve timesthe number of similar sourcesin the same searched
volume of the Galaxy. Applying a similar analysis to all of the bursting RRATs shows that we
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Name P Epoch P B Age E

S MID 10 ®ss ! 102G Myr 103t ergs !
J084843  5.97748(2) 53492
J1317 5759 2.6421979742(3) 53346  12.6(7) 5.83(2) 3.33(2) 2.69(1)
J144360  4.758565(5) 53410
J175430  0.422617(4) 53189

J18191458 4.263159894(6) 53265  576(1)  50.16(6) 0.1172(3)  249.4(5)
J182614  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) 1.860(6)  39.4(1)

Table 2: Measured and derived parameters of the 10 sources for which periods have been determined. For
each source, we give the J2000 source name, the period and, if measurable, the period derivative. Assuming
that the objects indeed rotating neutron stars, the inferred surface dipole magnetic eld is calculated
asB=32 10 PP G, thecharacteristic age as 1. = P=2P and the spin-down luminosity as 4721PP 3,
where |, the neutron star moment of inertia, is assumed to be 10*° g cm? (see Lorimer & Kramer 2005).

expect there to be twice as many RRATS as we have detected at a similar sensitivity level and
sky coverage as for the PMPS. However, this number may be a gross underestimate. Firstly, it is
very dif cult to identify such sourcesin the many observati onswhich are contaminated with large
amounts of impulsive radio-frequency interference. We estimate that there may be at least twice
as many similar sources that were missed due to this effect. Secondly, we are only extrapolating
to the area covered by the PMPS, and the true distribution of RRATSs is not known. In addition,
because our sensitivity in this search was diminished for burst durations greater than 32 ms, there
may be many more sourceswith longer burststhat fell below our detection threshold. Furthermore,
previous surveys with observationstimes of afew minutes had little chance of detecting such events
and most did not include searches for them.

With these caveats in mind, we have carried out a Monte Carlo simulation to provide a rst-
order estimate of the size of the Gal actic popul ation of these RRATs. Theimplied size of the Galac-
tic population of RRATsisN 4 10%(L,;,=10mdykpc®) * (0:5=fgn) (0:5=f) (0:1=f),
where fq, is the fraction of sources with bursts visible within our 35-min observation, f;, is the
fraction of bursts not missed due to interference and f, isthe fraction of RRATs whose bursts are
beamed towards the Earth. Note that the average beaming fraction for pulsars is roughly 10%,
and this decreases for longer period pulsars (Tauris & Manchester 1998). Assuming that the total
Galactic population of active radio pulsars is of order 10° (e.g. Vranesevic et al. 2004), the dis-
covery of RRATSs increases the current Galactic population estimates of neutron stars by at least
several times.
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