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Ideal
Pulsar 
rotation
‣Secular spindown

‣Steady moment of inertia

‣Remarkable long-term stability

NS as a solid,
compact and very dense

rotating body
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Ideal model works:
Pulsar timing

( motions and 
propagation effects 

corrected for )

Jodrell Bank data

24.5 yr 

Timing residuals   B1839-04

However...

Timing residuals  PSR B0942-13
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Many pulsars exhibit 
smooth trends deviating 

from the simple slow down

It might be present on all pulsars: 
improve precision and you will find it.

Timing Noise
Timing residuals  PSR J1852-2610

Timing residuals   PSR B0950+08

Timing residuals   PSR B1804-27

16.5 yr

19.2 yr

41 yr

Jodrell Bank data
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There is one specific 
signature that is 
sometimes there

Glitches

Espinoza et al. (2011) Jodrell Bank data

High precision pulsar timing and the
use of pulsars as celestial clocks will require good 

understanding of both these phenomena

Timing residuals   PSR B0531+21
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‣ Add variable plasma content in magnetosphere

‣ Add (partially decoupled) neutron superfluid inside

➡ Get timing noise and glitches

➡ Get observed irregular deviations from simple slowdown

Proposition to

improve the model:

+ +

Friday, 1 August, 14



• Glitches | general

• Small glitches | confusion

• Timing noise

• Co-existence

• Summary / Questions

Outline
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Glitches
Occasional spin-up events

�⌫
10�3  �⌫  100µHz

Observed sizes 
cover ~5 decades

40 yr 

In general, radiatively quiet. 
Associated to the interior 
of NSs.

Present in most pulsar populations
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Glitches
Commonly followed 
by a negative change 
in spin-down rate.

⌫–residuals

⌫̇(t)

�⌫̇

Post glitch 
relaxations: rich 
phenomenology
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What can produce a glitch?

‣ Quakes: discrete crust 
rearrangements driven by cooling or 
spindown (re-shaping)

‣ Magnetic field stresses on the crust: 
vortices dragging magnetic flux-
tubes in their outward migration.

(Baym et al. 1969)

(Ruderman et al. 1998)

Cannot reproduce, 
alone, high activity of 
Vela (-like) pulsar(s).

2 M. Ruderman: Pulsar Spin, Magnetic Fields, and Glitches

Fig. 3. Interacting flux-tubes and vortex-lines during ini-
tial spin-down.

Because of the velocity dependence of the short range
nuclear force between neutrons and protons, there is
a strong interaction between the neutron-superfluid’s
vortex-lines and the proton-superconductor’s flux-tubes
if they come closer to each other than about 10!11 cm.
Consequently, when Ṗ != 0, flux-tubes will be pushed (or
pulled) by the moving neutron vortices (Sauls 1989; Srini-
vasan et al. 1990; Ruderman 1991; Ding et al. 1993; Rud-
erman et al. 1998; Jahan-Miri 2000; Konenkov & Geppert
2001; Ruderman 2005) (Fig. 3). A realistic flux-tube ar-
ray will be forced to move along with a changing SF-n
vortex array which threads it as long as the force at a
vortex-line flux-tube junction does not grow so large that
vortex-lines cut through flux-tubes. In spinning-down pul-
sars cold enough to have SF-n cores (Tcore

<
" 3 "108 K)

outward moving n-vortex velocities are generally
less than the cm/day in the Crab pulsar. During NS spin-
up to millisecond pulsars the inward moving n-vortex ve-
locities are usually < cm/century. The drag on flux-tubes
caused by such slow movement is far too small to cause
cut-through of flux-tubes by moving n-vortices. (Jones
2006) has recently found that electron scattering on flux-
tube cores allows easier passage of flux-tubes through the
SC-p than had been estimated previously. (In addition,
an expected motion-induced flux-tube bunching instabil-
ity would more easily allow easy co-motion of flux-tubes
with the local electron plus SC-p fluid in which they are
embedded (Ruderman 2004a). ) If not for the anchoring
of flub-tubes at the base of the metallic crust (idealized
in Fig. 4a) flux-tube positions at the core-crust interface
could closely follow changes in the core’s SFn-vortex array.

The magnetic field at the crust-surface would always
be almost equal to the average field from the flux-rubes at
the core-crust interface below on time-scales exceeding the
“impurity”-dominated Eddy di!usion time through the
crust, estimated to be several million yrs. On much shorter
time-scales the crust acts like a thin, incompressible, solid,
breakable, perfect conductor. Because of crustal stratifi-
cation and the huge gravitational field it yields mainly
to huge shear-stresses (from BBc/8! # 3B12 tons/cm2)

Fig. 4. (a) A moving quantized vortex-line in a NS core’s
superfluid neutrons puling a pair of the core’s proton su-
perfluid quantized flux-tubes anchored in the star’s solid,
conducting crust (shown dotted). (b) The scale L of Eq (1)
for the largest shearing stress on the crust from flux-tube
pull.

larger than its yield strength. This happens on scales L
(> crust thickness "; Fig. 4b) which satisfy

BBc

8!
L2 >

" (µ "m")L . (1)

Then

L >
"

106cm

B12

#
R

B12

(2)

for typical estimates of crust shear modulus µ # 1030

dyne cm!2, Bc # 1015G, " # 105 cm, and maximum
sustainable stain "m # 3 " 10!4. This forms the basis
for a very simple model for describing predicted changes
in pulsar magnetic fields during NS spin-up or spin-down
which agrees well with di!erent families of pulsar obser-
vations. On small scales (< L) the magnetic field through
the crust of a NS can be frozen for the first several 106

yrs after the crust solidifies (several hours after the for-
mation of the NS). It changes during this long epoch only
when huge BBc/8! shearing stresses overstrain the crust
on large scales (> L), inducing “platelets” with di!erent
B to interchange positions by slow “plastic flow” or more
sudden discontinuous crust-breaking. After the formation
of n-SF vortex arrays (t>"103 yrs) large scale magnetic
fields and dipole moments follow underlying core n-vortex
movement but local polar cap field distributions in small
areas (a typical polar cap radius # 104 cm) do not change
substantially because of such movement. However, after
several 106 yrs both surface dipole moments and surface
polar cap field strength to follow closely the movement of
SF-n vortices near the top of the NS core.

2 M. Ruderman: Pulsar Spin, Magnetic Fields, and Glitches

Fig. 3. Interacting flux-tubes and vortex-lines during ini-
tial spin-down.

Because of the velocity dependence of the short range
nuclear force between neutrons and protons, there is
a strong interaction between the neutron-superfluid’s
vortex-lines and the proton-superconductor’s flux-tubes
if they come closer to each other than about 10!11 cm.
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when huge BBc/8! shearing stresses overstrain the crust
on large scales (> L), inducing “platelets” with di!erent
B to interchange positions by slow “plastic flow” or more
sudden discontinuous crust-breaking. After the formation
of n-SF vortex arrays (t>"103 yrs) large scale magnetic
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movement but local polar cap field distributions in small
areas (a typical polar cap radius # 104 cm) do not change
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SF-n vortices near the top of the NS core.

(Ruderman 2006)adapted from M. Ruderman (2009)

Assumptions: 
- core magnetic field? 
- vortex/flux-tube 
interaction?
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‣Vortex pinning: 
rapid   angular momentum transfer 
from internal superfluid  to  outer crust.
Result of halted vortex migration. 

(Anderson & Itoh 1975

Triggers:  
‣ Critical lag:  magnus force > pinning force
‣ Instabilities
➡ Predicts narrow size distribution, regularity.

‣ Avalanches 

‣ Thermal unpinning by heating event.

➡ Predict power law size distributions, 
poissonian waiting times.

What can produce a glitch?

> Melatos et al. (2008, 2009)

> Link & Epstein (1996)

> Glampedakis & Andersson (2009)

> Alpar et al. 1984; many many others)

Not complete !!
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Number of glitches / year

The  glitch activity 
increases with spindown 
rate: young pulsars tend 

to glitch more often

⌧c(kyr)

1.0

0.1
The linear relationship is 

consistent with most models

glitch activity v/s spindown rate
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In good agreement with vortex pinning 
model, with critical lag as trigger.

Large glitches: 
            young,  Vela-like pulsars
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Sizes & Time series - Pulsars with more glitches

--no observations available--

...

...

...

...

Not all pulsars exhibit narrow glitch size 
distributions.  Other triggers?

Consider Danai’s talk: minimum size for the 
Crab pulsar larger than expected.
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40 Days 

⌫, ⌫̇ & ⌫̈ fitted

- The Crab pulsar (JBO)-

⌫, ⌫̇ fitted (⌫̈ = 0)What about small glitches?

In general, (small)glitch 
detection is an 

uncertain process.  

Small glitches can 
be confused with 

timing noise.

How to differentiate them?
Can we detect very small glitches?  
 ...wait for Danai’s talk.
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Timing
        noise
‣ Intrinsic to pulsar rotation.

‣ Common to all pulsars.

‣ Quasi-periodic (if enough 
data).

‣ Alternating between 2(+) 
spindown rates can emulate 
residuals

1046 G. Hobbs, A. G. Lyne and M. Kramer

Figure 13 – continued

Shorter data spans generally exhibit a significant !̈ term that is not
related to the magnetic braking of the neutron star (Section 3.2.2).

(vi) The dominant contribution to timing noise for all pulsars
with " c < 105 can be explained as being caused by the recovery
from previous glitch events (Section 3.2.2).

(vii) Significant periodicities are seen in the timing residuals
of a few pulsars (e.g. PSRs B1540!06, B1826!17, B1828!11
and B2148+63). However, quasi-periodic structures are seen in the
timing residuals of many pulsars (Section 3.2.3).

(viii) The detailed structure of the timing noise indicates that
local maxima usually have different radii of curvature than local
minima (Section 3.2.3).

(ix) There is no evidence for a planetary companion to PSR
B0329+54 (Section 3.2.3).

(x) ‘Slow glitches’ are not likely to be a different phenomenon
to that causing timing noise (Section 3.2.4).

We emphasize that these results could only have been found by
studying the timing residuals over very long data spans and further
work is continuing to search for correlated pulse shape changes and
to relate the glitch phenomena with timing noise.
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Switched Magnetospheric Regulation
of Pulsar Spin-Down
Andrew Lyne,1* George Hobbs,2 Michael Kramer,1,3 Ingrid Stairs,4 Ben Stappers1

Pulsars are famed for their rotational clocklike stability and their highly repeatable pulse shapes.
However, it has long been known that there are unexplained deviations (often termed timing noise)
from the rate at which we predict these clocks should run. We show that timing behavior often results
from two different spin-down rates. Pulsars switch abruptly between these states, often quasi-
periodically, leading to the observed spin-down patterns. We show that for six pulsars the timing noise
is correlated with changes in the pulse shape. Many pulsar phenomena, including mode changing,
nulling, intermittency, pulse-shape variability, and timing noise, are therefore linked and are caused by
changes in the pulsar’s magnetosphere. We consider the possibility that high-precision monitoring of
pulse profiles could lead to the formation of highly stable pulsar clocks.

Neutron stars form in the supernova col-
lapse of the cores of exhausted massive
stars and are composed of some of the

densest and most extreme matter in the observ-
able universe. Pulsars are rapidly rotating, highly
magnetized neutron stars. As they rotate, intense
beams of electromagnetic radiation may sweep
across Earth, resulting in pulses that are often
observed with radio telescopes, enabling their
rotation to be studied with high precision.

Pulsars are among the most stable rotators
known in the universe. Over long time spans,
the fastest-spinning pulsars, known asmillisecond
pulsars, even rival the stability of atomic clocks (1).
Although they slow down gradually because of the
conversion of rotational energy into highly ener-
getic particles and electromagnetic waves, a simple
spin-down model using only the pulsar’s rotational
frequency n and its first time derivative v̇ is often
sufficient to reveal timing properties that, for in-
stance, allow high-precision tests of the theory of
general relativity (2) and may also allow direct de-
tection of gravitational waves (3–5). However, not
all pulsars seem to be perfectly stable clocks.

The pulsar timing technique (6, 7) is used to
compare pulse arrival times at an observatory with
times predicted from a spin-down model. Many
pulsars showaphenomenonknown as timingnoise,
in which seemingly quasi-random walks in the ro-
tational parameters are observed. The largest study
of such a kind (8) recently presented the rotation
properties of 366 pulsars,measuredmainlywith the
Lovell Telescope at Jodrell Bank. This long-term
monitoring of pulsars over 40 years made it pos-
sible to study phenomena in many pulsars over

decadal time scales. It was shown that the majority
of the pulsars were found to have significant irreg-
ularities in their rotation rate. The differences be-

tween the observed and predicted times, known as
the pulsar timing residuals, can be less than a few
milliseconds over more than 30 years, but in other
cases timing residuals can be as large as many sec-
onds. In contrast to the standardmodels held for the
past ~40 years, it was found that these timing irreg-
ularities are often quasi-periodic, with long (~1- to
10-year) time scales. Here we present a description
of these irregularities and how they are related to
changes in pulse shape, linking many peculiar and
unexplained time-dependent phenomena observed
in pulsars.

Pulsar time scales. Many of the properties of
pulsars are not perfectly stable, and they vary over
a wide range of time scales. Rotational periods
range from milliseconds to seconds. The structure
and brightness of individual pulses are observed to
vary significantly, but the average of many hundreds
of individual pulses (on a time scale of minutes) is
usually stable, leading to a characteristic profile that
is often unique to a pulsar. On time scales of sec-
onds to hours, some pulsars are observed to exhibit

1Jodrell Bank Centre for Astrophysics, School of Physics and
Astronomy, University of Manchester, Manchester M13 9PL,
UK. 2Australia Telescope National Facility, CSIRO, Post Office
Box 76, Epping, New South Wales 1710, Australia. 3MPI für
Radioastronomie, Auf dem Hügel 69, 53121 Bonn, Germany.
4Department of Physics and Astronomy, University of British
Columbia, 6224 Agricultural Road, Vancouver, BC V6T 1Z1,
Canada.

*To whom correspondence should be addressed. E-mail:
andrew.lyne@manchester.ac.uk

Fig. 1. Pulsar timing re-
siduals relative to a simple
spin-down model of the
pulse frequency and its
first derivative. For PSRs
B0919!06, B1540!06,
and B1828!11, we have
also included the frequen-
cy second derivative in the
model. For each pulsar,
the peak-to-peak range in
residual is given, and the
vertical scale has been ad-
justed to give the same
peak-to-peak deflection
in the diagram. We used
data updated from those
presented in (8) and also
included data for PSR
J2043+2740.The residuals
were obtained with the
TEMPO2 software package
(33).
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Timing noise is produced 
by existence of 2 or more 

spindown states.

either nulling events, during which the pulse emis-
sion switches off, or mode-changing events in
which the observed pulse profile changes abruptly
between two (sometimes three) well-defined shapes.
On longer time scales, PSR B1931+24 has recent-
ly been described as an intermittent pulsar, which
relates to the fact that it undergoes extreme nulling
events (9), displaying quasi-periodic behavior in
which the pulsar acts as a normal pulsar for typ-
ically 5 to 10 days before switching off, being un-
detectable for ~25 days, and then abruptly switching
on again. On even longer time scales, stable har-
monically related periodicities of ~250, 500, and
1000 days have been reported in the rotation rate
and pulse shape of PSR B1828!11. The perio-
dicities have generally been interpreted as being
caused by PSR B1828!11 freely precessing (10),
even though it had been argued that this was not
possible in the presence of the superfluid com-
ponent believed to exist inside neutron stars (11).

Discrete pulsar spin-down states. The pat-
terns observed in the timing residuals of a sample
of 10 pulsars (Fig. 1) are typical of the sample
presented in (8) and highlight the main results
of that paper: (i) the residuals are dominated by
quasi-periodic structures and (ii) the residuals are

generally asymmetric, in that the radii of curvature
of local maxima are often consistently different
from those of local minima. Clear examples are
seen in PSRs B0950+08, B1642!03, B1818!04,
B1826!17, and B1828!11. In several cases, no-
tably PSRs B0919+06 and B1929+20, relatively
rapid oscillations lie on lower-frequency structures.

Structures in the timing residuals have been
widely discussed in the literature. Sudden in-
creases in the pulsar’s rotation rate are known as
glitches and are explained by the sudden unpin-
ning of superfluid vortices in the interior of the
neutron star (12). An apparently related phenom-
enon known as slow glitches has been described
(13, 14), characterized by a slow permanent in-
crease in rotation rate but no substantial change in
the slow-down rate, and also identified with the
interior of the neutron star. The low-frequency
structures seen over short data spans were thought
to represent either random walks in the pulse fre-
quency and/or its derivatives (15, 16) arising from
instabilities within the neutron star superfluid inte-
rior, multiplemicroglitches (17), free precession of
the neutron star (10), asteroid belts (18), magneto-
spheric effects (19), interstellar or interplanetary
medium effects (20), or accretion of material onto

the pulsar’s surface (21). Timing residuals for the
youngest pulsars in (8) are dominated by the
recovery from glitch events, sometimes having
occurred before the start of observing. In general,
for the remaining pulsars it was shown that, with
long data spans, the low-frequency structures are no
longer dominant but are now understood as re-
stricted pieces of much longer-term oscillatory struc-
tures, often with asymmetric maxima and minima.
Any model explaining timing noise therefore needs
to explain these commonly occurring features.

The analysis of PSRB1931+24 (9) showed that
the pulsar spin-down rate switched by ~50% be-
tween the on and off states, with the pulsar spinning
down faster when the radio signal was detectable.
The quasi-periodic nature of the time between state
changes and the difference in time spent in each
state lead naturally to oscillatory, asymmetric timing
residuals (fig. S1). The existence of two discrete
spin-down rates in PSR B1931+24 and the sim-
ilarities between such timing residuals and those
shown in Fig. 1 suggest that a similar model could
be applied to the timing noise seen in all pulsars.

The variation in the spin-down rate v̇ (t) for 17
pulsars demonstrates that the observed structures in
the timing residuals arise from a pulsar’s v̇ moving
between a small number of values, and frequently
in an oscillatory manner (Fig. 2). In some cases,
more complex structure is seen. For instance, in PSR
B1642!03, we observe peaks in v̇ followed by a
sudden change to a more negative v̇ value before a
slow gradual rise. In PSR B1828!11, in addition to
the oscillatory structure, we observe a long-termgrad-
ual linear change in v̇ across the data span. We con-
centrate on the dominant features of this figure: The
value of v̇ changes between a few (typically two)
well-defined values, often in a quasi-periodicmanner.

In order to quantify the behavior, we measured
the peak-to-peak values of v̇ for each pulsar (Table
1). Additionally, for each of the time sequences in
Fig. 2, we have performed Lomb-Scargle (22) and
wavelet (23) spectral analyses. As expected, some
of the resultant spectra (figs. S2 and S3) show
narrow, highly periodic features, whereas others
show broader, less well-defined peaks.

Pulse-shape variations. Following the impli-
cations of the study of PSR B1931+24 that
changes within the magnetosphere are respon-
sible for variations in both the spin-down rate and
the emission process (9), we have sought changes
in the pulse shapes of pulsars that showed the
greatest fractional changes in spin-down rate in
the timing noise study. Six pulsars show changes
in pulse shape that are clearly visible (Fig. 3).
From inspection of the profiles in Fig. 3, for each
pulsar we selected the simplest shape parameter
that would discriminate between the two extreme
pulse-shape states, such as the full widths at 10,
50, or 75% (W10, W50, or W75) or Weq, the equiv-
alent width (see the supporting online material for
details on how these were determined and their
implications for the timing residuals). For six pul-
sars, the observed changes in v̇ are indeed directly
related to changes in pulse shape (Fig. 4). In most
cases, the two quantities clearly track one another,

Fig. 2. Variations in
the spin-down rate

.
n for

17pulsars during the past
20 years. We determined
these values by selecting
small sections of data of
length T and fitting for
values of n and

.
n, repeat-

ing at intervals of ~T/4
through each data set.
The chosen value of T is
the smallest required to
provide sufficient pre-
cision in

.
n and is given

below each pulsar name.
T is typically 100 to 400
days, so that any short–
time-scale variations will
be smoothed out. For each
pulsar, we adjusted the
vertical scale to give the
same peak-to-peak am-
plitude and subtracted
an arbitrary vertical off-
set. Because

.
n is nega-

tive, an increase in the
rate of spin-down is re-
presented by a down-
ward deflection in this
diagram.
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Pulsars with largest amounts of timing noise.

Lyne et al. (2010)

⌫̇(t)

phase	 
residuals
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Simulation of data with spindown switching

Figure 6: Simulations of timing residuals. a)-d) Simulations of a two-state spin-downmodel for
pulsar timing noise in which only two parameters determine the form of the simulations, namely
the ratio R of time spent in high and low spin-down states, and the rms fractional dither D in the
switching period (See supporting text). Note how dither in the switching period can give rise
to low-frequency structure in the residuals. e) simulated timing residuals for PSR B1828!11
in which the spin-down state is determined purely from the observed pulse shape parameter f)
observed timing residuals for PSR B1828!11 from a simple spin-down model, which shows
most of the features predicted by e), and g) the difference between the observed and simulated
timing residuals. In spite of the severe undersampling of the shape parameter due to telescope
availability (< 1% of the time), this demonstrates how it might be possible to “correct” the
times-of-arrival for spin-state variations indicated by the pulse shape.

4

Periodic switching

quasi-periodic 
switching

It is possible that all timing 
noise is caused by existence 

of 2+ spindown states.

Lyne et al. (2010)
Friday, 1 August, 14



and there is strong evidence for either correla-
tion or anticorrelation in all six cases (fig. S4). It
is not clear whether the imperfect correlations
are intrinsic or arise from the sparse sampling of
the time series or from measurement errors.

Some of the pulse profiles suggest that in-
creased |v̇| is associatedwith increased amplitude of
the central (often described as core) emission rela-
tive to the surrounding (or conal) emission (Fig. 3).
PSR B1822!09 exhibits a main pulse, a precursor,
and an interpulse (24, 25). For the high-|v̇| state, the
precursor is weak and the interpulse is strong, with
the reverse occurring for the smaller-|v̇| state. Clear-
ly, some changes in v̇ are associated with large pro-
file changes (for example, PSRs J2043+2740 and
B1822!09), whereas smaller profile changes are
also observable if sufficiently high-quality data are
available (as in PSR B1540!06).

Although the main impression given by the
traces in Fig. 4 is that they are bounded by two ex-
treme levels, there are substantial, and often repeated,
subtle changes that are synchronized in both shape
parameter and v̇. The shape parameters for the
observations of PSRs B1822!09, B1828!11, and
B2035+36 imply that they spend most of the time
in just one extreme state or the other. This is essen-
tially the phenomenon of mode changing, which
has been known since shortly after the discovery of
pulsars (26–28, 24). In those papers, pulsars are re-
ported to show stable profiles but suddenly switch to
another stablemode for times ranging fromminutes
to hours. However, the time-averaged values of the
shape parameters depend on the mix of the two
states over the averaging period, and that varies
with time, causing the slower changes in the shape-
parameter curves and the spin-down rate curves.
About 2500 days of detail in the shape parame-
ters and spin-down rates of PSRs B1822!09 and
B1828!11 (Fig. 5) illustrate how a slowly changing
mix of the two states is reflected in the form of the
smoothed shape curves. In PSR B1822!09, the
events centered on modified Julian dates 51100
and 52050 are the sites of slow glitches (13, 14),
which we confirm are not a unique phenomenon
(8) but arise from short periods of time spent pre-
dominantly in a small-|v̇ |, large-precursor mode.

Discussion. The large number of pulsars ob-
served over many years in the Jodrell Bank data
archive has allowed the identification of a sub-
stantial number of pulsars that have large changes
in v̇, some of which also have detectable, correlated
pulse-shape changes. This correlation indicates that
the causes of these phenomena are linked and are
magnetospheric in origin. The physical mechanism
for this link is likely to be that suggested to explain
the relationship between spin-down rate and radio
emission in B1931+24; namely, a change in mag-
netospheric particle current flow (9). An enhanced
flow of charged particles causes an increase in the
braking torque on the neutron star and also in the
emission radio waves.

The link between the spin-down rate and radio
emission properties has not been established pre-
viously, mainly because the time scales of the long-
established phenomena of mode changing and

pulse nulling were much shorter than the time re-
quired to measure any change in v̇. The extended
high-quality monitoring of many pulsars has re-
vealed long-termmanifestations of these phenome-
na and allowed their unambiguous associationwith
the spin-down rates of pulsars, seen as timing noise.

Pulsars can spend long periods of time in one mag-
netospheric state or another, or in some cases switch
rapidly back and forth between states, with the
fractions of time spent in the two states often vary-
ing with time. It has long been suspected that mode
changing and nulling are closely related (29, 30).

Fig. 3. (A to F) The inte-
grated profiles at 1400
MHz of six pulsars that
show long-term pulse-
shape changes. For each
pulsar, the two traces
represent examples of
the most extreme pulse
shapesobserved. The pro-
file drawn in the thick line
corresponds to the largest
rate of spin-down |

.
v|.

The profiles are scaled
so that the peak flux
density is approximately
the same. PSRB1822!09
has an interpulse which
is displayed, shifted by
half the pulse period, in
the second trace below
the main pulse.

A

B

C

D

E

F

Table 1. Measured parameters of 17 pulsars presented in Fig. 2, as well as PSR B1931+24, which is
also discussed in the text. We give the pulsar names, rotational frequency n, and the first derivative .v,
followed by the peak-to-peak fractional amplitude D .v/ .v of the variation seen in Fig. 2. The pulsars are
given in order of decreasing value of this quantity. We also present the fluctuation frequencies F of the
peaks of the Lomb-Scargle power spectra (fig. S2), with the widths of the peaks or group of peaks given
in parenthesis in units of the last quoted digit.

Pulsar name J2000 name
n .v D .v/ .v F

Comment
(Hz) (Hz s!15) (%) (year!1)

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 in Weq

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 W50

B1822!09 J1825!0935 1.300 !88.31 3.28 0.40(7) 100% change in Apc/Amp
B1642!03 J1645!0317 2.579 !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 in W10

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 J1717!3425 1.524 !22.75 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 W10

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)
B0740!28 J0742!2822 5.996 !604.36 0.66 2.70(20) 20% change in W75

B1929+20 J1932+2020 3.728 !58.64 0.31 0.59(2)
*Data from reference (9). †Note the presence of a second harmonic at F = 1.47(2) year!1, seen in fig. S2 and
discussed in (10).
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The intermittent pulsar B1931+24 has the largest
fractional change in v̇ in Table 1 and, as it com-
pletely disappears, also has the largest apparent
change in pulse shape.Mode changing and nulling
therefore probably differ only in the magnitude of
the changes in the magnetospheric current flows.
There is a close linear relationship between Dv̇ and
the spin-down rate |v̇ | (fig. S5), indicating that the
value of v̇ switches by about 1% of themean value,
independent of its magnitude.

Wemust also emphasize that (i) the fast change
between the states indicates that the magneto-
spheric state changes on a fast time scale, but can
then be stable for many months or years before
undergoing another fast change; (ii) whatever the
cause of the state switching, for most pulsars it is
not driven by a highly periodic (high-Q) oscilla-
tion; and (iii) increased | v̇ | is associated with in-
creased amplitude of the core emission relative to
conal emission. The fast state changes seem to rule

out free precession as the origin of the oscillatory
behavior. PSR B1828!11 was considered unique
in that it was the only pulsar that showed clear
evidence for free precession (10). Our model indi-
cates that this pulsar is not unique and exhibits the
same state-changing phenomenon shown here for
other pulsars.

If we could monitor a pulsar continuously, its
magnetospheric state at any given time could be
determined from the pulse shape. The state gives a
measure of the spin-down rate, allowing the timing
noise to be removed (an example is given in fig.
S1). The most stable millisecond pulsars are being
regularly observed frommany observatories world-
wide in the hope of making the first direct detection
of gravitational waves (31). The first-discovered
millisecond pulsar, PSR B1937+21, can be timed
with high precision (of ~100 ns) over short data
spans, but low-frequency timing irregularities dom-
inate the timing residuals over data spanning more

than ~3 years (32), making this pulsar potentially
unusable for gravitational wave detection ex-
periments. However, if magnetospheric state
switching is responsible and can be applied to
millisecond pulsars, then the timing irregularities
can be modeled and removed, raising the pos-
sibility of producing an essentially stable clock.
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Fig. 4. The average value of pulse-shape parameter and spin-
down rate

.
v measured for six pulsars. The lower trace in each

panel (right-hand scale) shows the same values of
.
v given in

Fig. 2, whereas the upper trace gives a measure of the pulse
shape, with the scale given to the left. W10, W50, and W75 are
the full widths of the pulse profile at 10, 50, and 75% of the
peak pulse amplitude, respectively; Weq is the pulse equivalent
width (the ratio of the area under the pulse to the peak pulse
amplitude); and Apc/Amp is the ratio of the amplitudes of the
precursor and main pulse. The time over which a shape param-
eter is averaged is the same as the time T given in Fig. 2 for the
fitting of

.
v. The uncertainty on a shape parameter is derived

from the standard deviation of the individual values used to
determine the average.
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In general  the largest spindown rate 
happens during pulse profile with 

enhanced emission *

Spindown states 
corresponding to 

magnetospheric switches

Lyne et al. (2010)

Effect may not be detectable 
in all pulsars --Sensitivity
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186 A. Lyne

Figure 1. The rotational frequency evolution of PSR J1832+0029 (Lorimer et al. 2012).

Figure 2. The rotational frequency evolution of PSR J1841!0500 (Camilo et al. 2012 and
Lyne, priv. comm.).

timescales which are far too short to permit the determination of any change in slowdown
rate between the states. This is the phenomenon of pulse nulling which has been known
since shortly after the discovery of pulsars (Backer 1970).

However, the intermittent pulsar B1931+24 is typically ON for 1 week and OFF for
about 1 month, permitting Kramer et al. (2006) to show that the ratio of ON- and
OFF- slowdown values !̇ON/!̇OFF = 1.5± 0.1, roughly consistent with an absence of all
magnetospheric currents during the OFF phase, in accordance with the calculations of
the braking e!ects of magnetospheric currents by Goldreich & Julian (1969).

Shortly after that publication, a second long-term intermittent pulsar was discovered
(PSR J1832+0029) and reported to show similar large changes in in slowdown rate
(!̇ON/!̇OFF = 1.7 ± 0.1; Kramer 2008, Lyne 2009, Lorimer et al. 2012). Fig. 1 shows
the measured values of rotation rate during the 10 years since its discovery. With rather
poor statistics, the lengths of the ON and OFF states are typically many hundreds of
days, compared with tens of days for B1931+24.

More recently, a third long-term intermittent object (PSR J1841!0500), also with

Natural connection to 
nulling phenomenon, 

intermittent pulsars and 
maybe even RRATS. 

Intermittent pulsars: 2 
emission states and two 

spindown rates.

PSR B1832+0029 
Lorimer et al. (2012)

PSR B1841-0500 
Camilo et al. (2012)

From  Lyne et al. (2012)

Extreme emission change
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W. Hermsen’s talk:  PSR 0943+10
rapid mode switching in radio / X-rays

(Hermsen et al. 2013)

Magnetospheric variability seems common feature. 
There are different time-scales and behaviours 

already observed at different wavelengths. 

Models (some):
‣Li et al. (2014) : conductivity variations 
magnetosphere
‣Timokhin: close field lines region / current densities.
‣Ian Jones (2011): modulated by precession.

To understand we need more cases, more data.

like the two following cases....
Friday, 1 August, 14



Fermi Gamma-ray pulsar: 
20% flux decrease 

(>100 MeV) 
associated with a 4% 

increase in spindown rate 
(in 1 week).

The Astrophysical Journal Letters, 777:L2 (8pp), 2013 November 1 Allafort et al.

Figure 1. Top three panels: energy flux (E > 1 GeV) vs. time in 30 day bins for J2021+3651, SNR G78.2+2.1, and J2021+4026. The gray bands show the average
source fluxes for all data. Statistical uncertainties only. We report 95% confidence level upper limits (red diamonds) for time bins where TS < 4. Bottom two panels
(Section 4): for J2021+4026, f + !· time (MJD), with frequency f and ! = 6.9 ! 10"8 Hz day"1, and frequency derivative ḟ , vs. time, from the periodicity search in
60 day windows (points), and from the timing solutions for MJD < 55850 (red dotted line) and >55850 (blue solid line). The green arrow indicates the epoch of the
X-ray pulsation detection (Lin et al. 2013).
(A color version of this figure is available in the online journal.)

analysis in Section 5:
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PLEC1 represents expectations for high-altitude magneto-
spheric emission. Phase-averaged spectra are usually better fit
with b < 1 due to the superposition of several PLEC1 compo-
nents with different photon indices and cutoff energies (Abdo
et al. 2010).

3. FLUX VARIABILITY

Following Chen et al. (2011), we searched for flux variability
around J2021+4026 at energies E > 100 MeV and E > 1 GeV,
applying the method in 2FGL. We first fit the data over the entire
time range. Then, we divided the range into 7 and 30 day time
bins and refit, allowing free normalizations for all sources and
fixing the other spectral parameters to their long-term average.
The fit was then repeated in each time bin by also fixing the
source of interest’s normalization to its long-term average. The
Galactic diffuse normalization was fit in each time bin, verifying

a posteriori its compatibility with a constant. Following 2FGL
Equation (4), the fit maximum likelihood values established the
probability P that the observed fluctuations are stochastic only.
A 2% flux systematic error accounts for exposure uncertainties
between the different epochs.

We applied this procedure to J2021+4026, to SNR G78.2+2.1
(seen in the same direction, but separable from the pulsar at high
energies due to its extension56) and to J2021+3651, located 3.#5
away, with spectrum and flux similar to J2021+4026’s. Both
SNR G78.2+2.1 and J2021+3651 show constant fluxes (P > 0.4
in all cases), while J2021+4026 shows significant variability:
P30 days = 7 ! 10"8 (1 ! 10"10), P7 days = 6 ! 10"3 (2 ! 10"4)
at energies >100 MeV (>1 GeV).

Figure 1 shows the >1 GeV energy flux for the three sources
in 30 day bins. J2021+4026 shows an abrupt $20% flux decrease
near MJD 55850 (Table 1), confirmed at energies >100 MeV
and for 7 day bins. We exclude that this drop is due to systematic
effects since there is no analogous drop for the two other
sources, observed simultaneously. No significant changes in

56 The LAT 68% containment radius for front-converting events is 0.#7 (< 0.#2)
at 1 (10) GeV (Ackermann et al. 2012a; Bregeon et al. 2013).

3
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Figure 3. Weighted pulse profiles for J2021+4026 in different energy bands, before (left, 1167 days) and after the jump (right, 423 days). Statistical uncertainties
only. Red dashed/dash-dotted line: background level from the spectral fits, including all sources except the pulsar with/without SNR G78.2+2.1. Fit curves overlay
the second rotation: blue dotted lines show the constant and Gaussian components, and solid blue lines show the sums.
(A color version of this figure is available in the online journal.)

The jump is also accompanied by changes in the pulse pro-
file. Furthermore, we found evidence for a small, steady flux
increase preceding the jump. The temporal correlation between
spindown and flux changes strongly indicates that these phe-
nomena are related to the pulsar. While mode changes and other
intermittent behavior are well known for some radio pulsars
(e.g., Lyne et al. 2010), this is the first time such behavior has
been seen at ! -ray energies.

J2021+4026 belongs to a small set of unusual LAT
pulsars—PSR J0633+1746 (Geminga), J1836+5925 and
J2021+4026—the sources in 2PC with the brightest magneto-
spheric emission at all spin phases. They are all radio-quiet, with
phase lags between the main peaks ! > 0.5, higher than typical
(Abdo et al. 2013). Finally, although only Geminga has a par-
allax distance (we rely on the SNR association of J2021+4026
and X-ray spectral arguments for J1836+5925), if we adopt the
common assumption that the ! -ray pulse is effectively uniform
on the sky, beaming factor f" = 1, then all three have large
efficiencies " = 4#f"F! d2/ĖSD ! 1 (d is the distance and F!

is the energy flux; see Table 1). J2021+4026 is the most extreme
of the three, with " = 2.3.

All of these attributes point to peculiarity in the ! -ray
beaming. They are most easily understood in the context of the
classical outer gap (OG) model. Romani & Watters (2010) show
that such large peak lag implies small magnetic inclinations
$ < 30! and near-equatorial viewing angles 80! < % < 100!.
For this geometry the pulsars should be radio-quiet, the OG
geometry predicts f" " 0.1–0.2 (" < 1) and the Earth line-of-
sight skims nearly tangentially to the peak caustics, producing
complex peak structure and strong off-peak emission (Romani
& Watters 2010). Also, two-pole caustic (TPC) models (Dyks
& Rudak 2003) can produce strong off-peak components for a

wider range of geometries (most with $ < 30!). These models
tend to have single broad pulses at small % , but large % models
can be double pulsed. Thus, the preferred geometry is similar
to that of the OG case, and should also be radio-quiet. These
models have f" " 0.5–0.75, making it harder to accommodate
the observed ! -ray flux. If classical TPC solutions are extended
to higher altitude, then one may recover the broad equatorial
pulses and small f" (M. Pierbattista et al. 2013, in preparation).
The nearly aligned rotator viewed at high inclination scenario is
independently confirmed for Geminga due to X-ray observations
of its rotating hot spot (Caraveo et al. 2004).

When emission from near the light cylinder dominates the
pulse, the concentration of the ! -ray beam to a narrow equatorial
strip gives high apparent " and allows small changes in magnetic
field morphology or even in $ to move a substantial fraction of
the ! -ray beam over the line of sight, giving large fractional
changes to the pulse profile and f". For young pulsars, we
expect the ! -ray luminosity to scale with

#
ĖSD (e.g., Harding

1981; Abdo et al. 2013). The decrease in flux rate associated to
an increase in spindown rate after the jump strengthens the case
that beaming must play a key role.

Therefore, we can speculate that the jump of J2021+4026
represents a shift in the magnetic field structure, leading to either
an effective $ change or an effective current change. These may
be precipitated by a reconfiguration of field line footpoints at
the surface, i.e., in the crustal layers, that modifies the overall
magnetic dipole torque on the star. There is no reason to expect
that the resulting spindown increase should enhance the solid-
angle integrated luminosity of the pulsar ! -ray emission, since
the principal effect is that of a modified beaming. If the slow
variation in the pulsar flux before the jump is substantiated
by additional study, this might plausibly be associated with

6

Allafort et al. (2013)

Timing noise (spindown changes) related to 
magnetospheric variability

PSR J2021+4026

1500 Days
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Radio state changing in PSR J0742-2822 3083

Figure 4. Two observations of PSR J0742!2822 recording 1000 individual
pulses, taken on 2012-04-15 (Mode I; black lines) and 2012-05-27 (Mode
II; grey lines). The solid lines show the modulation index and dotted lines
show the average profile from that observation for reference.

frequency. The leading component, which dominates Mode I, does
not appear to change amplitude significantly between the modes
and has a flatter spectral index than the components that dominate
in Mode II. We note that the increased amplitude of the pulse-shape
changes at high frequency may have led Johnston et al. (2006) to
confuse emission mode changes with frequency evolution in their
multifrequency study.

A number of observations were recorded with sufficient time res-
olution to study individual pulses. Fig. 4 shows the phase-resolved
modulation index (ratio of variance to mean of individual pulses)
for representative observations in each of the two modes. Due to
a hardware limitation when recording individual pulses, the phase
resolution of this data is half that in Fig. 3. Even though the ob-
servations show changes in the mean profile corresponding to the
two modes, the underlying statistics of the individual pulses re-
main constant and in agreement with previously published values
(Weltevrede, Edwards & Stappers 2006). Both leading components
have similar modulation indices, even though one of these compo-
nents varies considerably between modes and the other is almost
unchanged. The central peak seen in the modulation index is asso-

ciated with a narrow component that is seen to vary considerably
between observations but does not appear to be strongly correlated
with the overall mode changing or timing analysis.

5 A NA LY SIS AND DISCUSSION

In Fig. 5, we overlay the pulse shape parameter defined in Sec-
tion 4, computed for each observation, with the observed frequency
derivative deviations described in Section 3. We also show the pulse
shape parameter averaged under a running 60-day window to match
the time resolution of the !̇ measurements. The correlation between
spin-down rate and pulse shape parameter is very clear for much of
the timespan. We find that our Mode II is associated with increased
|!̇|, i.e. larger negative !̇. This association of the mode dominated
by steep spectral index components with a larger spin-down rate
supports the hypothesis that so-called central ‘core’ components
tend to dominate the large spin-down rate mode (Lyne et al. 2010).

For two years prior to the MJD 550 22 glitch of PSR J0742!2822,
the pulse profile exhibits two distinct emission states; however, this
does not seem to correlate strongly with the pulsar spin-down pa-
rameter. Fig. 6 shows the correlation between the pulse shape pa-
rameter and "!̇ for overlapping 300-day windows. The correlation
is computed after averaging the shape parameter measurements un-
der a running box-car of width 60 d to match the effective time
resolution of the "!̇ measurements. This confirms that the correla-
tion swiftly increases at the glitch event of MJD 550 22 and remains
high for more than 1000 d. Although we observe a change in cor-
relation, it can also be possible that the rate of state switching is
too rapid prior to the glitch for us to detect with our 60-day time
resolution. Indeed, Lyne et al. (2010) show that the mode-switching
rate of PSR J0742!2822 is the most rapid of the sample and that
this rate is not constant over the entire data-span. As we only have
data for one glitch occurrence this change in correlation coefficient
may be coincidental, but we feel that it is worthwhile to consider
the possibility that the change in the state-switching behaviour is
linked to the glitch event.

Glitch events are generally thought to be driven by the neutron
star interior, but the emission and spin-down is thought to be driven
by the magnetosphere. There are suggestions that a link between
pulse shapes and glitches is present in PSR J1119!6227, where
an unusual glitch appeared to trigger the appearance of additional

Figure 5. Fluctuations in frequency derivative of PSR J0742!2822 in excess of the best-fitting timing model (See Section 3). The circles indicate the measured
pulse shape parameter for each of the observations. A grey dotted line shows the shape parameters averaged under a running box of width 60 d. The vertical
dashed line at MJD 550 22 indicates the epoch of a glitch.
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Figure 6. Correlation between frequency derivative and smoothed pulse
shape parameter for overlapping 300-day intervals. The vertical dashed line
at MJD 550 22 indicates the epoch of a glitch. Also shown with dotted bars
is the same correlation when computed for the entire pre- and post-glitch
epochs.

components in the profile (Weltevrede et al. 2011). However, unlike
PSR J1119!6227, we do not see any evidence that the change in
emission in PSR J0742!2822 is associated with RRAT-like statis-
tics of individual pulses. We still do not have any clear picture of how
the magnetospheric changes could influence or could be influenced
by glitch events, nor how these might relate to the quasi-periodic
spin-down changes observed in the Lyne et al. (2010) sample.

Both emission state-changing and glitch activity are associated
with a wide range of time-scales which, for each phenomenon, are
broadly consistent across discrete events in an individual object. For
example, the time between glitches has a characteristic time-scale
for each pulsar, and in a few cases exhibits quasi-periodic behaviour
(Melatos, Peralta & Wyithe 2008). The time spent in each emission
state also shows quasi-periodic fluctuations. Glitch time-scales can
be used to probe the physics of the neutron star interior (e.g. van
Eysden & Melatos 2010). If glitches and emission state switching
are be related then perhaps some of these time-scales are driven by
the same physical processes.

In the MJD 550 22 glitch of PSR J0742!2822, the spin period of
the pulsar increased by !" = 0.61 µHz, which can be considered
to be a lower bound on the differential rotation frequency between
the neutron star crust and its interior. In this case, the value of !"

implies a differential rotation period between the neutron star crust
and interior of less than "19 d. This is about a factor of 5 smaller
than the observed ‘typical’ periodicity in the state changes; how-
ever, this differential rotation period is valid only prior to the glitch
and we are only sensitive to state changes in excess of "60 d. We do
not know what the post-glitch differential rotation period is, but it
should be much longer because angular momentum has been trans-
ferred from the interior to the slower moving crust. Is it possible
then that this differential rotation is driving the periodicity in the ob-

served "̇ and profile shape changes? We note that PSR J0742!2822
has the shortest quasi-periodicity of all the state-changing pulsars,
and exhibits moderate glitches, implying a moderate differential
rotation rate. The other pulsars have longer mode changing time-
scales, which we could model as a smaller differential rotation rate
and therefore may not be expected to glitch as rapidly. However,
there is currently little direct evidence for any link between the dif-
ferential rotation period and the spin-down rate changes. Detailed
studies of other state-changing pulsars, and high-cadence studies of
other likely candidates with short period variation would be greatly
valuable in testing this idea.
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Correlation between pulse shape variations and 
spindown switches only after glitch
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Figure 2. Stacked profiles of 380 observations of PSR J0742!2822 at a
centre frequency of 1369 MHz, normalized to keep the pulse width constant.
Note that the observations are not uniformly spaced in time.

second components in the profile (the two leading peaks in Mode
I; see Fig. 3). For Mode I, this parameter is roughly unity, and for
Mode II this is less than unity. We find that this method is supported
by subjective assessment of individual profiles, and although other
parameters can be derived we find that the choice of parameter does
not affect the subsequent analysis.

The upper two panels of Fig. 3 show the average profiles for the
two modes of PSR J0742!2822 at a centre frequency of 1369 MHz.
Here, we have averaged a total of "15 000 s for Mode I and "8000 s
for Mode II which renders day-to-day flux density variations caused
by interstellar scintillation negligible, and so normalization is not
required. The two modes have a very similar overall pulse width, and
are very similar on both the leading and trailing edge of the profile.
Mode II exhibits significantly more emission in the central part of
the profile, with prominent increases in the second and third peaks
of the profile as well as a general increase of the trailing edge. Both
modes retain a high linear polarization fraction; however, Mode II
is slightly more polarized on the trailing edge. The position angles
are also consistent within their measurement uncertainties, except

Figure 3. Average pulse profiles of PSR J0742!2822 for Mode I (black)
and Mode II (grey). The upper two panels, (a) and (b), are for a centre
frequency of 1369 MHz, and the lower two panels, (c) and (d), are for a
centre frequency of 3100 MHz. Panels (a) and (c) show the polarization
position angle as a function of pulse phase. In panels (b) and (d), total
intensity is shown with a thick line, linear polarization with a thin line and
circular polarization with a dotted line. Note that for much of the profile the
pulse is almost 100 per cent linearly polarized and so the line showing linear
polarized intensity is obscured by the total intensity.

for an orthogonal mode jump observed in Mode I at the very trailing
edge of the profile.

An identical analysis was performed for the observations centred
at 3100 MHz, and the results are shown in the lower two panels
of Fig. 3. The change between the two modes is even more pro-
nounced at the higher frequency, with the Mode I profile dominated
by a leading narrow component. The Mode II profile is almost rect-
angular, with the trailing half of the profile almost doubling in flux
density over Mode I. The Mode I profile again shows an orthogonal
polarization mode jump at the trailing edge of the profile, though
over a different range of pulse phase to that seen at 1369 MHz.
Although not surprising, we note that the Mode I and II profiles are
consistent between the two frequencies, i.e. when the pulsar is in a
particular mode at one frequency, it is in that same mode at the other
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Connection between 
glitches and exterior?
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Case of PSR J1119-6127 
(Weltevrede et al. 2011)

Some magnetars 
(Dib et al. 2014)
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‣It could be  that this is not the right description 
(DM variations; pure spindown rate changes)
‣Maybe there is a second regime of superfluid effects 
(+, -).  E.g.: Kantor & Guzakov; Melatos & Link 
(superfluid turbulence, 2014)
‣Magnetospheric timing noise
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Work in progress...

Measured all small 
irregularities like if 
they were glitches 
(or “anti-glitches”)

Crab pulsar:

Sea of something else:

Normal glitches:
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Summary/Questions
• glitches and timing noise are the major deviations from 

simple slowdown model.

• they correspond to external and internal dynamical 
processes capable of affect the rotation.

• What modulates magnetospheric states? 

• Is the magnetospheric timing noise all the same?

• Is all timing noise produced in the magnetosphere? Is there 
a component produced by the superfluid? -- Second glitch 
regime

• Glitch triggers could be multiple. E.g.: quakes + critical lag

cespinoz@astro.puc.cl
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However, spindown switches can be slow
The Astrophysical Journal Letters, 780:L31 (5pp), 2014 January 10 Brook et al.

(a)
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(b) (c) (d) (e)

Figure 1. Variations in the profile shape and spin-down rate seen in PSR J0738!4042. Profiles are observed at 1600 MHz with HartRAO and at 1369 MHz with the
Parkes Telescope. Panels (A)–(E): the blue trace denotes the median pulse profile for each of five intervals over the 24 yr dataset, which are demarcated in panels (F)
and (G). The red trace in each plot is a constant model profile which represents the median profile for all of the HartRAO data. Panel (F): map showing the difference
between data and the constant model, in units of the HartRAO off-pulse standard deviation. The epochs at which data were collected from both telescopes were used
to normalize the Parkes data to the HartRAO scale. The arrow points to drifting emission changes which precede the emergence of a new persistent profile component.
Panel (G): the pulsar spin-down rate as a function of time.

(a)

(b)

Figure 2. Panel (A): !̇ as a function of time, as computed over a 1700 day period referenced to 2005 June 29. The curve is interpolated from data points on which it is
overlaid. Panel (B): the profile residuals as they appear over the same time period. High contrast is used in order to emphasize the drifting feature.

particular magnetic field lines. In the context of the former,
the low rate of phase drift does not correspond to any process
known, or seen previously in other pulsars (Weltevrede et al.
2006). Additionally, Cordes & Shannon note that a change in
pair production can result in a change in emission altitude for
a given frequency, due to the plasma frequency dependence on
height. We hypothesize hereafter that the phase drift is attributed
to a decrease in emission height.

In the case of a dipolar magnetic field emitting over multiple
heights, there is a relationship between the angular radius of the
field lines " at a given height and the observed pulse phase of
the emission #; the lower the altitude, the closer the emission

component will be to the center of the profile. This relationship
can be derived using

sin2
!

W

4

"
= sin2("/2) ! sin2($/2)

sin % sin(% + $)
, (1)

where % is the angle of the magnetic axis with respect to the
rotation axis, $ is the closest approach of the line of sight to
the magnetic axis and W is the total width of the pulse profile
(Gil et al. 1984). The observed pulse phase #, measured from
the peak of the profile, can be substituted directly for W/2. The
values of # at which the drift begins and ends are measured in

3
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