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Pulsars are famed for their rotational clock-like stability and their highly-

repeatable pulse shapes. However, it has long been known ththere are un-
explained deviations (often termed "timing noise”) from the rate at which we
predict these clocks should run. We show that timing behavior often res-
ults from typically two different spin-down rates. Pulsars switch abruptly

between these states, often quasi-periodically, leading the observed spin-
down patterns. We show that for six pulsars the timing noises correlated
with changes in the pulse shape. Many pulsar phenomena inaling mode-
changing, nulling, intermittency, pulse shape variability and timing noise are
therefore linked and caused by changes in the pulsar's magtesphere. We
consider the possibility that high-precision monitoring d pulse profiles could

lead to the formation of highly-stable pulsar clocks.



Introduction

Neutron stars form in the supernova collapse of the corexlmdiested massive stars and are
comprised of some of the densest and most extreme mattex obgervable Universe. Pulsars
are rapidly-rotating, highly-magnetized neutron stars.tidey rotate, intense beams of electro-
magnetic radiation may sweep across the Earth, resultipgilses which are often observed
with radio telescopes, enabling their rotation to be sthaigh high precision.

Pulsars are amongst the most stable rotators known in theetda. Over long time spans
the fastest spinning pulsars known as “millisecond putsawen rival the stability of atomic
clocks (). Although they slow down gradually because of the coneersif rotational energy
into highly energetic particles and electromagnetic waeesimple spin-down model using
only the pulsar’s rotational frequeneyand its first time derivative is often sufficient to reveal
timing properties that, for instance, allow high-precmstests of the theory of general relativity
(2) and may also allow direct detection of gravitational waf&sb). However, not all pulsars
seem to be perfectly stable clocks.

The pulsar timing techniqué(7) is used to compare pulse arrival times at an observatory
with times predicted from a spin-down model. Many pulsarswsia phenomenon known as
“timing noise” where seemingly quasi-random walks in theational parameters are observed.
The largest study of such kin@®)(recently presented the rotation properties of 366 pulsars
measured mainly using the Lovell Telescope at Jodrell Baris long-term monitoring of
pulsars over 40 years made it possible to study phenomenarg pulsars over decadal times-
cales. It was shown that the majority of the pulsars wereddorhave significant irregularities
in their rotation rate. The differences between the obskavel predicted times, known as the
pulsar “timing residuals”, can be less than a few millisetaver more thaf0 yr, but in other

cases timing residuals can be as large as many seconds.ttastda the standard models held



for the past~40yr, it was found that these timing irregularities are oftpiasi-periodic with
long (~1-10 year) time scales. Here we present a description od ilregjularities and how they
are related to changes in pulse shape, linking many peanidmunexplained time-dependent

phenomena observed in pulsars.

Pulsar Time Scales

Many of the properties of pulsars are not perfectly stabkkthey vary over a wide range of
timescales. Rotational periods range from millisecondetmnds. The structure and brightness
of individual pulses are observed to vary significantly, thetaverage of many hundreds of indi-
vidual pulses{minutes) is usually stable, leading to a characteristiélprthat is often unique
to a pulsar. On time scales of seconds to hours, some pulsabaerved to exhibit either
“nulling” events, during which the pulse emission switctef”, or “mode changing” events
where the observed pulse profile changes abruptly betwee(stmetimes three) well-defined
shapes. On longer time scales, PSR B1931+24 has recentiydeseribed as an “intermittent
pulsar” which relates to the fact that it undergoes extreaikng events 9), displaying quasi-
periodic behaviour in which the pulsar acts as a normal pfidsaypically five to ten days, be-
fore switching “off”, being undetectable fer25 days and then abruptly switching “on” again.
On even longer time scales, stable harmonically-relatedgieities of ~250, 500 and 1000d,
have been reported in the rotation rate and pulse shape oBR8R3-11. The periodicities
have generally been interpreted as being caused by PSR B1848:ely-precessind.Q), even
though it had been argued that this was not possible in theepoe of the superfluid component

believed to exist inside neutron staidy).



Discrete pulsar spin-down states

The patterns observed in the timing residuals of a sampl® gfulsars (Fig. 1) are typical of
the sample presented iB)(and highlight the main results of that paper that 1) thedress
are dominated by quasi-periodic structures and 2) the ualscare generally asymmetric, in
that the radii of curvature of local maxima are often comrsitly different to those of local
minima. Clear examples are seen in PSRs B0950+08, B1632B1818-04, B1826-17
and B1828-11. In several cases, notably PSRs B0919+06 and B1929+@ivety rapid
oscillations lie on lower-frequency structures.

Structures in the timing residuals have been widely dissaigs the literature. Sudden
increases in the pulsar’s rotation rate are known as “ggtland are explained by the sudden
unpinning of superfluid vortices in the interior of the neutistar (2). An apparently related
phenomenon known as “slow glitches” has been describh8dld), characterised by a slow
permanent increase in rotation rate but no substantialgghanthe slow-down rate and also
identified with the interior of the neutron star. The lowetency structures seen over short
data spans were thought to represent either random walkseipulse frequency and/or its
derivatives 15, 19 arising from instabilities within the neutron star supgidlinterior, multiple
micro-glitches 17), free precession of the neutron stad), asteroid beltsl(8), magnetospheric
effects (9), interstellar or interplanetary medium effec29) or accretion of material onto the
pulsar’'s surfaceql). Timing residuals for the youngest pulsars 8 éare dominated by the
recovery from glitch events, sometimes having occurredrpo the start of observing. In
general, for the remaining pulsars it was shown that, wittgldata spans, the low-frequency
structures are no longer dominant, but are now understocestrscted pieces of much longer-
term oscillatory structures, often with asymmetric maxema minima. Any model explaining

timing noise therefore needs to explain these commonlyHoicy features.



The analysis of PSR B19324 (9) showed that the pulsar spin-down rate switched by
~50% between the “on” and “off” states, with the pulsar spimgndown faster when the radio
signal was detectable. The quasi-periodic nature of the tigtween state changes and the
difference in time spent in each state leads naturally tdlagiry, asymmetric timing residuals
(Fig. S1). The existence of two discrete spin-down ratesSR B19314-24 and the similarities
between such timing residuals and those shown in Fig. 1 stgjtfeat a similar model could be
also applied to the timing noise seen in all pulsars.

The variation in the spin-down ratét) for 17 pulsars demonstrates that the observed struc-
tures in the timing residuals arise from a pulsar’'sioving between a small number of values
and frequently in an oscillatory manner (Fig. 2). In someesanore complex structure is seen.
For instance, in PSR B164D3 we observe peaks infollowed by a sudden change to a more
negativer value before a slow gradual rise. In PSR B1824, in addition to the oscillatory
structure, we also observe a long-term gradual linear ahangacross the data span. We con-
centrate on the dominant features of this figure: the valueobfanges between a few (typically
two) well-defined values, often in a quasi-periodic manner.

In order to quantify the behaviour, we measured the pegletdk values of for each pulsar
(Table 1). Additionally, for each of the time sequences ig. &, we have performed Lomb-
Scargle 22) and wavelet Z3) spectral analyses. As expected, some of the resultantrapec
(Figs. S2 and S3) show narrow, highly-periodic features|endthers show broader, less well-

defined peaks.

Pulse shape variations

Following the implications of the study of PSR B1931+24 tblaanges within the magneto-
sphere are responsible for variations in both the spin-d@taand the emission proce$3, (

we have sought changes in the pulse shapes of those puldarshalie shown the greatest frac-
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tional changes in spin-down rate in the timing noise study.p8lsars show changes in pulse
shape which are clearly visible (Fig. 3). From inspectiothefprofiles in Fig. 3, for each pulsar
we selected the simplest “shape parameter” which wouldidigtate between the two extreme
pulse-shape states, such agVWVs, or W5, the full widths at 10%, 50% or 75%, or \\ the
equivalent width (see the Supporting Online Material falaile on how these were determined
and their implications for the timing residuals). For siXgars, the observed changesiare
indeed directly related to changes in pulse shape (Fig. @)mdst cases, the two quantities
clearly track one another and there is strong evidence foberecorrelation or anti-correlation
in all six cases (Fig. S4). It is not clear whether the imparé®rrelations are intrinsic or arise
from the sparse sampling of the time series or measurememnser

Some of the pulse profiles suggest that increaspid associated with increased amplitude
of the central (often described as “core”) emission retativthe surrounding (or “conal”) emis-
sion (Fig. 3). PSR B182209 exhibits a main pulse, a precursor and an interp@4e29. For
the high|»| state the precursor is weak and the interpulse is strongetrese occurring for
the smallef| state. Clearly, some changesiimre associated with large profile changes (e.qg.
PSRs J2043+2740 and B182@9) while smaller profile changes are also observable if-suffi
ciently high-quality data are available (e.g. PSR B15@6).

While the main impression given by the traces in Fig. 4 is thay are bounded by two
extreme levels, there are substantial, and often repeaibtle changes which are synchronised
in both shape parameter andThe shape parameters for the observations of PSRs BA&22
B1828-11 and B2035+36 imply that they spend most of the time in just extreme state
or the other. This is essentially the phenomenon of modegihg, which has been known
since shortly after the discovery of pulsagl(26-28. In those papers, pulsars are reported
to show stable profiles, but suddenly switch to another statmde for times ranging from

minutes to hours. However, the time-averaged values ofttapesparameters depend upon the



mix of the two states over the averaging period and that sam¢h time, causing the slower
changes in the shape-parameter curves and the spin-devcuraes.~2500 d of detail in the
shape parameters and spin-down rates of PSRs BA@22nd B1828 11 (Fig. 5) illustrate
how a slowly-changing mix of the two states is reflected infdren of the smoothed shape
curves. In PSR B182209, the events centered on MJDs 51100 and 52050 are the §ites o
slow glitches 13, 14 which we confirm are not a unique phenomen® but arise from short

periods of time spent predominantly in a smia- large-precursor mode.

Discussion

The large number of pulsars observed over many years in tell8ank data archive has
allowed the identification of a substantial number of pudghat have large changes, some of
which also have detectable, correlated pulse-shape chambes correlation indicates that the
causes of these phenomena are linked and are magnetospleergin. The physical mechan-
ism for this link is likely to be that suggested to explain tekationship between spin-down rate
and radio emission in B1931+24, namely a change in magnetosparticle current flowq).
An enhanced flow of charged particles causes an increase braking torque on the neutron
star and also in the emission radio waves.

The link between the spin-down rate and radio-emissiongnags has not been established
previously, mainly because the timescales of the longséisteed phenomena of mode-changing
and pulse-nulling were much shorter than the time requivetié¢asure any change in The
extended high-quality monitoring of many pulsars has noveaked long-term manifestations
of these phenomena and allowed their unambiguous asswciatih the spin-down rates of
pulsars, seen as timing noise. Pulsars can spend long perfdane in one magnetospheric
state or another or in some cases switch rapidly back and b&tween states, the fractions

of time spent in the two states often varying with time. It hasy been suspected that mode-



changing and nulling are closely related [e20,30]. The intermittent pulsar B1931+24 has
the largest fractional change:inn Table 1 and, as it completely disappears, also has thedarg
apparent change in pulse shape. Mode-changing and nuligrgfore probably differ only
in the magnitude of the changes in the magnetospheric dutoevs. There is a close linear
relationship betweer\r and the spin-down ratg/| (Fig. S5), indicating that the value of
switches by about 1% of the mean value, independent of it ituatg.

We must also emphasise that: (1) the fast change betweenat®es sndicates that the
magnetospheric state changes on a fast time scale, but earbéhstable for many months
or years before undergoing another fast change, (2) whatieeeause of the state-switching,
for most pulsars, it is not driven by a highly periodic (high-oscillation and (3) increased
|| is associated with increased amplitude of the core emigsiative to conal emission. The
fast state-changes seem to rule out free precession asigiire @irthe oscillatory behaviour.
PSR B1828-11 was considered unique in that it was the only pulsar thatet clear evid-
ence for free precessiof@. Our model indicates that this pulsar is not unique andlatdiihe
same state-changing phenomenon shown here for other @ulsar

If we could monitor a pulsar continuously, then its magnehesic state at any given time
could be determined from the pulse shape. The state givesaaumeeof the spin-down rate,
allowing the timing noise to be removed (an example is givekig. S1). The most stable
millisecond pulsars are being regularly observed from maservatories world-wide in the
hope of making the first direct detection of gravitationaves. The first-discovered milli-
second pulsar, PSR B19321, can be timed with high precision (ef 100 ns) over short data
spans, but low-frequency timing irregularities domindie timing residuals over data spanning
more than~ 3 yr (32) making this pulsar potentially unusable for gravitatiomave detection
experiments. However, if magnetospheric state switcrsmgsponsible and can be applied to

millisecond pulsars, then the timing irregularities cannbedelled and removed, raising the



possibility of producing an essentially stable clock.

References and Notes

10.

11.

12.

13.

14.

G. Petit, P. TavellaA&A 308 290 (1996).

M. Kramer,et al., Science814, 97 (2006).

M. V. SazhinSov. Astron22, 36 (1978).

S. DetweilerApJ 234, 1100 (1979).

F. A. Jenet, G. B. Hobbs, K. J. Lee, R. N. Manchegigx] 625 L123 (2005).

D. R. Lorimer, M. KramerHandbook of Pulsar Astronon{ambridge University Press,

2005).
R. T. Edwards, G. B. Hobbs, R. N. ManchesMNRAS372, 1549 (2006).
G. Hobbs, A. G. Lyne, M. KrameMNRAS02 1027 (2010).

M. Kramer, A. G. Lyne, J. T. O'Brien, C. A. Jordan, D. R. Loer, Science312, 549
(2006).

I. H. Stairs, A. G. Lyne, S. Shemdtature406, 484 (2000).
J. ShahamApJ 214, 251 (1977).

P. W. Anderson, N. ItoiNature256, 25 (1975).

W. Z. Zou.et al, MNRAS354, 811 (2004).

T. V. Shabanovastrophys. Space S&08 591 (2007).



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

P. E. Boyntonet al., ApJ 175 217 (1972).

J. M. Cordes, G. S. Down&pJS59, 343 (1985).

G. H. Janssen, B. W. Stappek&A 457, 611 (2006).

J. M. Cordes, R. M. Shanno#&pJ 682, 1152 (2008).

K. S. ChengApJ 321, 799 (1987).

K. Scherer, H. Fichtner, J. D. Anderson, E. L. L8aience278 1919 (1997).
G. J. Qiao, Y. Q. Xue, R. X. Xu, H. G. Wang, B. W. Xiah&A 407, L25 (2003).
J. D. ScargleApJ 263 835 (1982).

G. FosterAJ 112 1709 (1996).

L. A. Fowler, D. Morris, G. A. E. WrightA&A 93, 54 (1981).

D. Morris, D. A. Graham, N. BarteMINRAS194, 7P (1981).

D. C. BackerNature228 1297 (1970).

A. G. Lyne MNRASL53 27P (1971).

D. Morris, W. Sieber, D. C. Ferguson, N. Bar&&A 84, 260 (1980).

A. G. Lyne, F. G. SmithPulsar Astronomy, 3rd edCambridge University Press, Cam-
bridge, 2005).

N. Wang, R. N. Manchester, S. JohnstdiNRAS377, 1383 (2007).

G. HobbsAIP Conf. SeriesY.-F. Yuan, X.-D. Li, D. Lai, eds. (2008), vol. 968 &P Conf.
Seriespp. 173-180.

10



32. V. M. Kaspi, J. H. Taylor, M. RybaApJ 428 713 (1994).

33. G. B. Hobbs, R. T. Edwards, R. N. MancheskNRAS369, 655 (2006).

34. Pulsar research at JBCA is supported by a Rolling Granm fhe UK Science and Techno-
logy Facilities Council.
GH is the recipient of an Australian Research Council QElldweship (#DP0878388).
MK is supported by a salary from the Max-Planck Society.

Pulsar research at UBC is supported by an NSERC DiscovemtGra

11



Table 1: Measured parameters of 17 pulsars presented iR Fags well as PSR B1931+24
which is also discussed in the text. We give the pulsar naméstjional frequency and the
first derivativer, followed by the peak-to-peak fractional amplitutié /v of the variation seen
in Fig. 2. The pulsars are given in order of decreasing vafuhis quantity. We also present
the fluctuation frequencies F of the peaks of the Lomb-SegrgWer spectra (Fig. S2), with the
widths of the peaks or group of peaks given in parenthesisits of the last quoted digit.

Pulsar Jname v v Av/v F Comment

name (Hz) (HzsY) (%) (yr'h)
B1931+24 J1933+2421 1.229 -—-12.25 44.90 13.1(7) Intermittent pulsar
B2035+36  J2037+3621 1.616 —12.05 13.28 0.02(2) 28% change inWV
B1903+07  J1905+0709 1.543 —11.76 6.80 0.36(13)
J2043+2740 J2043+2740 10.40-135.36 5.91 0.11(5) 100% change in)W
B1822-09 J1825-0935 1.300 -88.31 3.28 0.40(7) 100% change in.M,,,
B1642-03 J1645-0317 2579 -11.84 2.53 0.26(7)
B1839+09  J1841+0912 2.622 -7.50 2.00 1.00(15)
B1540-06 J1543-0620 1.410 -1.75 1.71 0.24(2) 12% change imyV
B2148+63  J2149+6329 2.631 -1.18 1.69 0.33(7)
B1818-04 J1820-0427 1.672 —-17.70 0.85 0.11(1)
B0950+08  J0953+0755 3.952 —-3.59 0.84 0.07(3)
B1714-34 J17173425 1524 2275 0.79 0.26(4)
B1907+00  J1909+0007 0.983 -5.33 0.75 0.15(2)
B1828-11 J1830-1059 2.469 -365.68 0.71 0.73(2) 100% change in W
B1826-17 J1829-1751 3.256 —-58.85 0.68 0.33(2)
B0919+06  J0922+0638 2.322 —73.96 0.68 0.62(4)
B0O740-28 J0742-2822 5.996 —604.36 0.66 2.70(20) 20% change iV
B1929+20  J1932+2020 3.728 —-58.64 0.31 0.59(2)

“Data from referencedj.
’Note the presence of a second harmonic at F=1.47(2)sgen in Fig. S2 and discussed10)
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Fig. 1. Pulsar timing residuals relative to a simple spin-down nadéhe pulse frequency
and its first derivative. For PSRs B09106, B1540-06 and B1828 11 we have also included
the frequency second derivative in the model. For each pulsapeak-to-peak range in resid-
ual is given, and the vertical scale has been adjusted totigeveame peak-to-peak deflection
in the diagram. We use data updated from those presente®) en¢l also include data for
PSR J2043+2740. The residuals were obtained usingaki®o2 software package3g).

Fig. 2. Variations in the spin-down ratefor 17 pulsars during the past 20 years. We determined
these values by selecting small sections of data of lefhgémd fitting for values o> andr,
repeating at intervals of T/4 through each data set. The chosen valu& a$ the smallest
required to provide sufficient precisionimand is given below each pulsar narféis typically
100-400d so that any short-time-scale variations will b@atined out. For each pulsar, we
adjusted the vertical scale to give the same peak-to-peakitane and subtracted an arbitrary
vertical offset. Because is negative, an increase in the rate of spin-down is repteddry a
downward deflection in this diagram.

Fig. 3. The integrated profiles at 1400 MHz of six pulsars which shomgtterm pulse-shape
changes. For each pulsar, the two traces represent exaofpless most extreme pulse shapes
observed. The profile drawn in the thick line correspond$ieolargest rate of spin-dowp|.
The profiles are scaled so that the peak flux density is appitely the same. PSR B18229
has an interpulse which is displayed, shifted by half the@gleriod, in the second trace below
the main pulse.

Fig. 4. The average value of pulse shape parameter and spin-dogvn reasured for six
pulsars. The lower trace in each panel (right-hand scal®yslthe same values ofgiven in
Fig. 2, while the upper trace gives a measure of the pulseeshath the scale given to the left.
Wi, W5, and W5 are the full widths of the pulse profile at 10%, 50% and 75% efibak

pulse amplitude respectively, )Mis the pulse equivalent width, the ratio of the area under the
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pulse to the peak pulse amplitude, angl/A,,,,, is the ratio of the amplitudes of the precursor
and main pulse. The time over which a shape parameter isgoebia the same as the tirfie
given in Fig. 2 for the fitting of>. The uncertainty on a shape parameter is derived from the
standard deviation of the individual values used to deteerttie average.

Fig. 5. The variations in pulse shape parameters for PSR B1824a-c) and PSR B182811
(d-f). Traces a, c, d and f are taken from Fig. 4 and show theoimed values of shape para-
meter and spin-down rate for the two pulsars, while diagramasd e show the values of shape
parameter for individual observations which are typicaigtween 6 and 18 minutes duration.
Note that for both pulsars, individual shape parameteregtypically take either a high or low

value.
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