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Rotational glitches 
Two different mechanisms?
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Glitches ‣ Occasional spin-up events   (1 every 50 yr in average).



What can produce a glitch?

‣ Superfluid neutrons can be 
weakly coupled to the rest of the 
star. 


‣ They can store angular 
momentum.

✦ Star-quakes: spin-down driven or magnetic.


✦ Superfluid - crust interaction:

Ω

Anderson & Itoh (1975)

e.g.: Rencoret+2021



Rotating superfluids
Pulsar Glitches                                          Superfluid dynamics

figure by Yarmchuk, Gordon, and Packard,1979

1 Introduction

⇥
Pulsars are famous for their rotational stability, however

long-term monitoring projects and the increasing precision

of timing measurements have revealed significant deviations

from the predicted secular slow down. The irregularities seen

in the pulse phase residuals after subtracting a polynomial fit

(often including a second frequency derivative term) are of

two shorts: glitches, which are abrupt increases in frequency,

and timing noise, a general term used to describe all other fea-

tures. Both these rotational phenomena are intrinsic to the

pulsar thus of great interest for physical models of neutron

stars and their magnetosphere.

Glitches are followed by a very slow relaxation, which pro-

vided the first observational evidence of neutron superfluidity

in the interior of neutron stars. The key idea of the most suc-

cessful glitch models is that the observed spin-up is due to a

sudden transfer of angular momentum from a more rapidly

rotating component of the superfluid to the rest of the star.

A noticeable portion of recently identified glitches appears to

pose challenges for such models. Therefore we are very inter-

ested to investigate the robustness of such observations, given

the complications of timing analysis in the presence of timing

noise and the small size of most of these glitches.

1.1 Timing analysis

Timing noise appears as random fluctuations in the pulse

times of arrival (TOAs) on time scales of days to years. In the

presence of an unmodelled systematic �̈ the residuals have a

characteristic cubic structure, usually easy to distinguish from

timing noise when long data spans are available. In many pul-

sars the underlying power spectrum is “red”, indicating a low-

frequency noise superimposed to the white component and in

a few cases quasi-periodic structures have been reported [?].
The level of timing noise varies greatly among pulsars; the

rms of the residuals after fitting for a simple slow-down model

covers a range of more than 7 orders of magnitude for com-

parable observational time spans (reference?). Millisecond

pulsars are at the stable extreme, with undetectable strength

of noise for most of them, while an excess of timing noise ap-

pears in magnetars [?]. Investigation of irregularities for 366

pulsars, the largest sample used so far, supports earlier re-

sults that the strength of noise correlates with the magnitude

of the slow-down rate, but not with the spin frequency [?].
Using the first two years of optical data for the Crab pulsar

(PSR J ), Boynton et al. revealed a noise component consis-

tent with random walk in the spin frequency � [?]. However,
later studies that included more pulsars found the data in-

consistent with an idealized random walk process solely in

phase or one of its first two derivatives (phase, frequency and

slow-down noise respectively) [?, ?]. A mixture of resolv-

able jumps in both � and �̇ (and possibly �̈), that cannot

be explained as accumulations of random walk, was found to

account for a large part of the timing activity of Vela [?]. Sim-

ilar events, often termed as “microglitches”, are observed in

many pulsars and have relative amplitudes of |��/�| . 10
�9

and |��̇/�̇| . 10
�3

with no preferential combination of signs

[?, ?].
Another type of events, so far identified in the rotation

of about ten pulsars, consists of gradual spin-ups (sometimes

termed as “slow” glitches) that seem to arise from a more

abrupt decrease in |�̇|. The departure from the standard be-

haviour usually lasts a few months and results in a relative

frequency increase of ��/� ⇤ 10
�9

. The prototype of this

behaviour is PSR B1822-09 [?], other examples can be found

in [?].
The integrated pulse profile templates used to obtain the

TOAs are very stable and the variability of individual pulses

is expected to cause fluctuations much smaller than the ob-

served levels of timing noise [?, ?]. These variations must be

properly considered when estimating the TOA uncertainties

and for some pulsars can be an important source of inaccu-

racy when high-precision timing measurements are desirable,

as for the detection of gravitational waves using pulsar tim-

ing arrays [?, ?]. Furthermore, investigation of profile changes

associated with rotational irregularities can shed light in the

underlying physical processes. Lyne et al. found a strong

relation between such changes and di⇤erent slow-down states

for 6 objects, including PSR B 1822-09 [?]. The structures

in the timing residuals of these pulsars could be explained as

sudden switches between two or three discrete �̇ values char-

acterized by a di⇤erent signature of the pulse. This transition
between a few distinct pulse shapes is called mode changing

and has been observed in several pulsars [?, ?, ?].
Several models have been proposed for the origin and

cause of timing noise. The examined mechanisms include

interaction with the interstellar medium [?], accretion [?, ?],
internal processes due to the superfluid component [?, ?, ?]
and their combination with magnetospheric instabilities [?, ?].
Despite all these attempts, timing noise hasn’t been success-

fully explained yet and remains unpredictable.

Glitches were first observed in the Vela pulsar [?, ?] as
sudden large spin-ups (�� ⇤ 10µHz) accompanied by an in-

crease in slow-down rate of about 1% and followed by a partial

recovery to the pre-glitch values on much longer timescales,

from days to months. Although not as widespread as timing

noise, glitch activity has been detected in more than 100 pul-

sars. A few pulsars seem to exhibit Vela-like giant glitches

but most of them, like the Crab pulsar, present a variety of

glitch behaviour and broad �� size distributions [?].
The signature of a glitch in the timing residuals is rather

clear for intermediate and large relative jumps (��/� &
5 ⇥ 10

�8
). The increase in frequency is very fast: for the

rise time of the largest glitch observed in Vela so far, Dodson

et al. obtained an upper limit of 40 sec [?]. Thus the spin-up

is typically unresolved and appears as a very sharp change of

slope in the phase residuals (figure?). A jump in the slow-

down rate, usually of relative size ��̇/�̇ ⇤ 10
�4 � 10

�3
, and

a trend for recovery are also characteristics of a glitch.

It is thought that glitches are due to sudden transfer of

angular momentum from a more rapidly rotating component

of the interior superfluid to the rest of the star [?]. Such

di⇤erential rotation could occur in the inner crust, where in-

teraction with the lattice of nuclei prohibits the slow-down of

the superfluid at the same rate as the rest of the star. Models

based on this idea seem to be in the right direction for Vela-

like glitches but Crab-like events appear to be more complex,

indicating extra processes in action as starquakes or exter-

nal torque variations [?, ?, ?, ?]. (Alternative models will be

discussed in later section?)

The number of detected glitches rapidly increases and the

better quality and sampling rate of observations make possi-

ble the identification of glitches as small as 10
�3µHz and a

detailed examination of the recovery behaviour.

1

Superfluid signature
•  Inviscid flow        long relaxation timescales                 
•  Irrotational flow        formation of quantised vortices

• Angular momentum is carried by vortex lines 
of quantised circulation


• Vortex number density defines rotation rate



‣ Vortex pinning: 


If vortices are stopped in their migration, 
differential rotation builds.

Anderson & Itoh (1975)

Glitch happens when billions of vortices unpin


Possible triggers:  


‣ Critical lag:    

‣ Instabilities


‣ Avalanches 


‣ Thermal unpinning by heating event.

FMagnus > Fpinning

A two-fluid model for glitches

> Melatos et al. (2008, 2009)

> Link & Epstein (1996)

> Glampedakis & Andersson (2009)

>  Alpar et al. (1984); etc.

Model reviews:

- Haskell & Melatos 2015 

- Antonopoulou, Haskell & Espinoza (2022, 

under review)



Antonopoulou et al. (2022, submitted)

The distribution of all known glitch sizes 

is at least bimodal
Ashton+2017

Fuentes+2017

others.

106 glitches in 70 pulsars 5

Figure 3. The left panel shows the distribution of pulsars belonging to three di�erent categories as function of the time-span covered by their observations.
The dashed and solid lines indicate the pulsars for which one, or more than one glitches are detected respectively. The dash-dotted line shows the distribution
of pulsars with only one glitch from our new analysis presented in Table 4. The middle panel shows the corresponding distribution for all pulsars monitored at
JBO, and those for which no glitches have been detected till date. The right panel shows the distribution of the percentage of pulsars in which glitches have
been detected, as a function of observing span.
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Figure 4. The �a distribution for all known glitches (faint grey solid line)
overlaid with the results of a Gaussian Mixture Model (GMM). The best
model (shown by the solid line) has two Gaussian components (shown by
the dashed and dashed-dot line). The narrower component centred at 18
`Hz represents the large glitches, whereas the wider component centred at
32 nHz represents the smaller glitches.

distribution of observing spans for all pulsars monitored at JBO,
which is shown in the middle panel ( histogram with dash-dotted
line). Many of the pulsars without glitches (histogram with dashed
line) have been observed over relatively short spans, hence many
more pulsars with reported glitches can be expected in the coming
years. There are also pulsars which do not show glitches, despite
being observed for decades, suggesting that over time pulsars with
even lower glitch rates will be discovered. The glitch-rate and its
relation to spin parameters will be further explored in § 4.3

4.1 Glitch size (�a)

The magnitude of �a indicates the impact of the glitch on the
NS crust. In the simplest picture, a larger value indicates a larger

amount of angular momentum being transported to the crust. The
distribution of �a from all known glitches exhibits bi-modality as
reported by Konar & Arjunwadkar 2014 (using 451 glitches in 158
pulsars) and Fuentes et al. 2017 (using 384 glitches in 141 pulsars),
using Gaussian Mixture Modelling. We apply the same method to
model the distribution of the glitches in our sample as a sum of
multiple Gaussian components and find that the distribution can
be best modelled by two Gaussian components as shown in Figure
4. The glitches with small �a are modelled by a wide Gaussian
component centred at 0.032 `Hz with a width of 0.663`Hz (2f
of the Gaussian), whereas the large �a glitches are modelled by
a narrow Gaussian component centred at 18`Hz with a width of
21`Hz. Potential physical models which explain the origin of bi-
modality are discussed by Celora et al. (2020).

To understand the evolution of glitch amplitudes across the
pulsar population, we present the variation of the median glitch size
and the number of glitches detected in individual pulsars in a % � §%
diagram in Figure 5. The colour-scale in Figure 5 represents the
median glitch size. The size of the points have been scaled to the
number of known glitches and it can be observed that more glitches
have been discovered in younger pulsars. The median size is less
representative of the pulsar’s typical �a for the rest of the sources,
which have few or just one glitch.

Figure 5 shows that glitches are predominantly a phenomenon
associated with the population of normal pulsars. However two
small glitches have been seen so far from millisecond pulsars: A
micro-glitch with �a/a = 8(1) ⇥ 10�12 was detected by Cognard
& Backer (2004) in the millisecond pulsar B1821�24, and an even
smaller glitch of size �a/a = 2.5(1) ⇥ 10�12 in the millisecond
pulsar J0613�0200 by McKee et al. (2016). Additionally, several
glitches have been observed in magnetically-powered neutron stars
(magnetars), sometimes coinciding with emission changes and out-
bursts (e.g Dib et al. 2008). Magnetar glitches have typically large
�a/a sizes, owing to their long periods, but exhibit low to interme-
diate �a magnitudes.

Notably, Figure 5 reveals a tendency for larger glitches in
younger pulsars, though the apparent trend should be taken with
caution as the plotted median does not necessarily represent the
typical glitch size – especially in older pulsars, for which only one
or very few glitches are observed (as seen from the point size in

MNRAS 000, 1–?? (2020)

Basu et al. (2022)

Frequency steps (log scale) Spin-down rate steps

570 glitches 394 glitches



The size of the smallest detectable glitch 
depends on:

‣Cadence (ΔT)

‣Sensitivity / noise (σ𝜙)


‣Size of spin-down step

�⌫ lim = max

8
<

:

�T |�⌫̇|/2
p

2��|�⌫̇|

Frequency steps

Espinoza+2014

Antonopoulou et al. (2022, submitted)



J. R. Fuentes et al.: Glitch time series and size distributions in eight prolific pulsars

Fig. 2. Logarithm (base 10) of glitch sizes �⌫ (with �⌫ measured in µHz) as a function of the glitch epoch for the pulsars in the sample. The grey
areas mark periods of time in which there were no observations for more than 3 months. Ng is the number of glitches detected in the respective
pulsar, until 20 April 2019 (MJD 58593). To build a continuous sample, in the analyses of the Crab pulsar, we only use the 25 glitches after
MJD 45000, when daily observations started (Espinoza et al. 2014). All panels share the same scale, in both axes.
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Fig. 3. Distribution of log�⌫ (with �⌫ measured in µHz) for the pulsars in our sample. The orange areas indicate that glitches with �⌫ < 0.01 µHz
could be missing due to detectability issues.

Four probability density distributions are considered: Gaussian,

M(x|µ,�) = CGauss exp
"�(x � µ)2

2�2

#
, (1)

power-law,

M(x|↵) =
↵ � 1
xmin

 
x

xmin

!�↵
, (2)

log-normal,

M(x|µL-N,�L-N) =
CL-N

x
exp

2
66664
�(ln x � µL-N)2

2�2
L-N

3
77775 , (3)

and exponential,

M(x|�) = � exp [��(x � xmin)] . (4)
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Fuentes+2019

see also:  Howitt+2018


Wang+2012

Melatos+2008

The size distributions of individual pulsars

are not bimodal.

The 8 pulsars with 10+ detected glitches:



(log glitch sizes) Year 1967 Year 2022

Vela

no observations available



A&A 630, A115 (2019)
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Fig. 4. Cumulative distribution of glitch sizes and model fits. The best-fitting models are indicated by thicker curves.

The set {µ,�,↵, µL-N,�L-N, �} are the fitting parameters. All
the distributions are normalized in the range xmin to 1. For-
mally, xmin is given by detection limits. However, it is not sim-
ple to define precise values for �⌫min and �⌧min for each pulsar.
Thus we use �⌫min = 10�2 µHz for the glitch sizes (see previ-
ous section), and the smallest interval of time between glitches
in each pulsar as �⌧min.

For the Gaussian and log-normal distributions the normaliza-
tion constants CGauss and CL-N were found numerically. We use
the maximum likelihood technique to obtain the parameters of
the models that describe best the data, and use the Akaike Infor-
mation Criterion (AIC; Akaike 1974) to compare the di↵erent
models (see also the appendix in Fuentes et al. 2017).

Figures 4 and 5 and Tables 1 and 2 summarize the results
of fitting these distributions to each pulsar. There is no single
distribution type that can simultaneously describe all the pulsars
satisfactorily, for either sizes or waiting times. The size distri-
butions present a large variety (as also found in the model of
Carlin & Melatos 2019): the log-normal distribution gives the
best fit for the Crab pulsar and PSR B1338�62, power-law for
PSRs J0631+1036, B1737�30, and J0205+6449, and exponen-
tial for PSRs B1758�23.

We also note that PSR J0205+6449 and PSR B1758�23 are
the pulsars with the fewest recorded glitches in the sample (both
have 13 glitches detected), hence we ought to wait and confirm
this result once more events are detected.

In the case of PSRs J0537�6910 and B0833�45 (Vela),
the best fit for both size and waiting time distributions are
Gaussian functions. Their size distributions are centred at large
sizes �⌫ ⇡ 15 and 20 µHz, respectively, consistent with the
peak of large glitches in the combined distribution for all pul-
sars (Fuentes et al. 2017).

The distributions of times between successive glitches o↵er
more homogeneous results. Besides the case of PSR J0537�
6910 and the Vela pulsar (best modelled by Gaussian functions),

the waiting time distributions for all the other pulsars are best
represented by exponential functions. These results are in agree-
ment with Melatos et al. (2008), Wang et al. (2012), and Howitt
et al. (2018) for almost all the pulsars studied. The only excep-
tion is PSR B1338�62, for which Howitt et al. (2018) reported a
local maximum in the distribution and classified this pulsar as a
quasi-periodic glitcher.

If �⌫min is set to the size of the smallest detected glitch in
each pulsar (rather than to 10�2 µHz), the results of the fits are
very similar, and give parameters within the uncertainties pre-
sented in Table 1.

4. Time series correlations: Glitch size and time to

the next glitch

Di↵erent studies have shown that for PSR J0537�6910 the
glitch magnitudes �⌫k are strongly correlated with the waiting
times to the following glitch �⌧k+1 (Middleditch et al. 2006;
Antonopoulou et al. 2018; Ferdman et al. 2018, and see Fig. 6).
Recently, Melatos et al. (2018), tested whether this correlation is
also present in the rest of the pulsars with at least 10 glitches
detected, and found that, in addition to PSR J0537�6910,
PSR B1758�23 also exhibits a significant correlation between
glitch sizes and waiting times until the next glitch.

In the following, we analyse the presence of this correlation
in our sample of pulsars. Data are plotted in Fig. 6 and corre-
lation coe�cients are listed in Table 3. Our results are consis-
tent with Melatos et al. (2018), with minor di↵erences since the
glitch samples are not exactly the same, and we have the addi-
tional source PSR J0205+6449.

Clearly, none of the other pulsars exhibits a correlation as
clear as PSR J0537�6910. However, for PSRs J0205+6449,
J0631+1036, B1338�62, and B1758�23, the Pearson correla-
tion coe�cients are larger than 0.5 and the p-values are .10�3.
Therefore, at 95% confidence level (p-values< 0.05), we can
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Cumulative distributions of glitch sizes

See also:  Melatos+2008; Fulgenzi+2017; Howit+2018; Liu+2018

“0537” 
Gaussian

Vela 
Gaussian

“0631”

Power law

“1737”

Power law

The Crab pulsar

Fuentes et al. (2019)



J. R. Fuentes et al.: Glitch time series and size distributions in eight prolific pulsars

0 1 2 3 4 5
0.0

0.2

0.4

0.6

0.8

1.0

C
D

F
PSR J0205+6449

0 1 2 3 4 5
0.0

0.2

0.4

0.6

0.8

1.0
PSR B0531+21 (The Crab pulsar)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0.0

0.2

0.4

0.6

0.8

1.0
PSR J0537�6910

0 1 2 3 4 5 6 7
0.0

0.2

0.4

0.6

0.8

1.0
PSR J0631+1036

0 1 2 3 4
�� (yr)

0.0

0.2

0.4

0.6

0.8

1.0

C
D

F

PSR B0833�45 (The Vela pulsar)

Exponential

Log-normal

Power law

Gaussian

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
�� (yr)

0.0

0.2

0.4

0.6

0.8

1.0
PSR B1338�62

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
�� (yr)

0.0

0.2

0.4

0.6

0.8

1.0
PSR B1737�30

1 2 3 4 5
�� (yr)

0.0

0.2

0.4

0.6

0.8

1.0
PSR B1758�23

Fig. 5. Cumulative distribution of waiting times between successive glitches and model fits. The best-fitting models are indicated by thicker curves.

Table 1. Distributions of glitch sizes: results of fits and AIC weights for each model; using glitches with �⌫ � 0.01 µHz.

PSR name wGauss wPower law wL-N wExp µ̂ �̂ ↵̂ µ̂L-N �̂L-N �̂
µHz µHz (µHz)�1

J0205+6449 10�8 0.66 0.33 10�5 15(5) 20(4) 1.27(6) 0.7(7) 2.5(3) 0.07(6)
B0531+21 10�17 0.02 0.97 10�7 1.2(5) 3(1) 1.4(1) �1.3(3) 1.5(2) 0.8(7)
J0537�6910 0.96 10�24 10�8 0.03 15(1) 9.9(9) 1.19(5) 2.2(2) 1.3(2) 0.063(6)
J0631+1036 10�12 0.94 0.05 10�8 1(1) 3(1) 1.4(1) �1.9(6) 2.1(4) 0.61(4)
B0833�45 0.997 10�13 10�6 0.002 21(2) 9(1) 1.2(4) 2.7(2) 1.2(4) 0.05(1)
B1338�62 10�5 0.07 0.53 0.4 2.5(5) 2.7(3) 1.36(5) �0.1(3) 1.6(1) 0.4(1)
B1737�30 10�14 0.82 0.17 10�7 0.6(2) 1.0(2) 1.38(6) �2.0(3) 1.9(1) 1.5(8)
B1758�23 0.06 0.004 0.07 0.866 0.6(1) 0.51(8) 1.3(2) �1.2(4) 1.5(3) 1.7(6)

Notes. wm denotes the Akaike weight of the model m. µ̂ and �̂ are the mean and the standard deviation of the Gaussian model, and ↵̂ is the power-
law index. µ̂L-N and �̂L-N are the mean and the standard deviation of the log-normal model, respectively. �̂ is the rate parameter of the exponential
distribution. The values in parentheses correspond to the uncertainty in the last quoted digit and were calculated using the usual bootstrap method.
We marked in bold the values of wm for the best models.

reject the null hypothesis that �⌫k and �⌧k+1 are uncorrelated in
these pulsars. Since the Pearson coe�cient can be dominated by
outliers, we also compute the Spearman rank correlation coe�-
cient, obtaining similar or even stronger correlations, except for
PSR J0631+1036.

It is also interesting to note that not only for PSR J0537�
6910, but for all pulsars in the sample except the Crab, both the
Pearson and Spearman correlation coe�cients are positive. The
probability of finding at least six out of seven pulsars having the
same sign as our reference case, just by chance, is rather low.
The probability of getting exactly k successes among n trials,
with 1/2 success probability in each trial, is P(k | n) =

⇣
n
k

⌘
(1/2)n.

Thus, the probability of getting at least six successes in seven
trials is

P(� 6|7) = P(6|7) + P(7|7) =
1
16
= 0.0625. (5)

This low probability suggests that the waiting time to the follow-
ing glitch is at least partially regulated by the size of the previous
glitch.

In order to explain why the correlation for all other pulsars
is much less clear than for PSR J0537�6910, we explore two
hypotheses, both of which are motivated by noting that most
glitches in PSR J0537�6910 are large.

The first hypothesis is that the correlation is intrinsically
present in the full population of glitches of each pulsar, but
glitches below a certain size threshold are not detected, thereby
increasing by random amounts the times between the detected
ones and worsening the correlation.

The second hypothesis is that there are two classes of
glitches: glitches above a certain threshold size that follow
the correlation, and glitches below the same threshold that are
uncorrelated.
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Cumulative distributions of times between glitches

See also:  Melatos+2008; Fulgenzi+2017; Howit+2018; Liu+2018; Millhouse+2022

Fuentes et al. (2019)

“0537” 
Gaussian

Vela 
Gaussian



• Characteristic times 
between glitches


• Characteristic glitch 
sizes

In summary

• Exponential (poissonian) 
waiting times


• Power-law sizes



Vela,

0537

1737,  0631

Tendency: Gaussian glitches are the largest.



Gaussian glitches

• Size of glitches determines time to the 
next glitch.


• Suggest that glitches happen once a 
critical threshold is reached. Departure 
from that threshold is controlled by the 
glitch size. [Antonopoulou+2018]


• Threshold could be rotational velocity 
lag between glitching superfluid and rest 
of the star.

PSR J0537—6910

Timing X-ray pulsars, including PSR J0058−7218 and PSR J0537−6910 9

Figure 7. Fractional glitch magnitude ∆ν/ν of
PSR J0537−6910 shown as a cumulative sum over each
previous glitch. RXTE values are from Table 2 of
Antonopoulou et al. (2018). Dashed line indicates a line with
a slope of 8.918×10−7 yr−1, which is the glitch activity Ag ≡∑

i(∆ν/ν)i/Tobs, where Tobs is time over which the pulsar is
monitored. NICER values are offset by ∆ν/ν = 16.7×10−6 ,
which is the extrapolated value of RXTE-only glitch activity
at epoch of NICER segment 0 at MJD 58020.

Ho et al. 2020b). This is illustrated in Fig-
ure 8. The correlation can be fit by time
to next glitch = 49.2 d (∆ν/10 µHz) + (25± 18) d, in
agreement with that found in Ho et al. (2020b). This
correlation enables prediction of when glitches will oc-
cur in PSR J0537−6910. In particular, glitch 16 should
occur on 2022 March 18, although there is a large un-
certainty (±26 d) due in part to the uncertain epoch of
glitch 15.

4.3. PSR J1101−6101

NICER observations of PSR J1101−6101 begin on
2020 April 1, and we are able to obtain a phase-
connected timing model using data through 2021 De-
cember 16. Figure 9 shows timing residuals of the
12 TOAs used to obtain our best-fit timing model,
which is given in Table 6, and Figure 10 shows the
1.5–10 keV pulse profile from the combined NICER
observations. Our measured spin-down rate of ν̇ =
(−2.26504 ± 0.0004) × 10−12 Hz s−1 is consistent with
and significantly improves upon the precision of the
previously measured incoherent timing model value of
ν̇ = (−2.17± 0.13)× 10−12 Hz s−1 from Halpern et al.
(2014). The addition of ν̈ to the timing model yields a fit
improvement of only ∆χ2 = 0.5 and an unconstrained
ν̈ = (−1± 18)× 10−24 Hz s−2.

Figure 8. Correlation between time interval to the next
glitch ∆T and size of glitch ∆ν of PSR J0537−6910. Large
and small circles denote NICER and RXTE values, respec-
tively (from here and Antonopoulou et al. 2018; Ho et al.
2020b; Abbott et al. 2021b). Errors in ∆ν are 1σ. The
vertical dotted line indicates the size of NICER glitch 15,
which is the most recent glitch (on 2021 November 4) and
for which time to next glitch is not known yet. Dashed line
shows linear fit result ∆T = 49.2 d (∆ν/10 µHz) + 25 d.

Figure 9. Timing residuals of PSR J1101−6101 from a best-
fit of NICER pulse times-of-arrival with the timing model
given in Table 6. Errors are 1σ uncertainty.

The timespan of our NICER timing model overlaps
with a NuSTAR observation taken on 2020 November
20. We use the NICER timing model to extract pulsed
emission from the NuSTAR data. The resulting pulse

Ho et al. (2020, 2022)

See also: Middleditch+06


Antonopoulou+18

Ferdman+18
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‣ From the RXTE data 
for 0537, we could 
infer that


(1) Rotational lag is not 
reduced completely 
at glitches.


(2) The moment of 
inertia of G is at least 
0.8% of the moment 
of inertia of c.


(3) Maximum lag is at 
least 1.7 deg/s.



Gaussian glitches

• There may be a hint for the 
correlation, present only for large 
(> 9 𝜇Hz) glitches. However, this 
is still speculative [Fuentes+2019]. 


• Low probability for small glitches 
confirmed: rate of events under 
10 𝜇Hz is 4 times lower than for 
larger ones [Espinoza+2021].

The Vela pulsar Vela
Complete sample
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Fig. 4. Panel a: log ⌫̇g versus log |⌫̇|. Panel b: log (⌫̇g/|⌫̇|) versus log |⌫̇|.
The horizontal line corresponds to the average ratio ⌫̇g/|⌫̇| = 0.012 ±
0.001, calculated over the bins with �14 < log |⌫̇| < �10.5. In both
panels the crosses correspond to pulsars that have no glitches detected,
whereas large black dots and small gray dots represent the bins (groups)
and individual pulsars, respectively.

glitches (the remainder), showing the results in Fig. 5. We ob-
serve that large glitches determine the linear relation between ⌫̇g
and |⌫̇| in the range �13.5 < log |⌫̇| < �10.5, and calculate the ra-
tio ⌫̇g/|⌫̇| = 0.010±0.001. This value is consistent with the value
obtained in the previous section, when considering all glitches
and including bin 7, which has no large glitches detected. Ac-
cordingly, we use the linear relation ⌫̇g = 0.01|⌫̇| as a reference
throughout the paper. The activity due to small glitches follows
a roughly similar, though noisier, increasing trend with |⌫̇|.

There are no large glitches detected in pulsars with the
smallest and the largest spin-down rates (log |⌫̇| < �13.5 and
log |⌫̇| > �10). The 14th bin (log |⌫̇| = �10.25, Table 1) fails to
follow the linear trend, despite having four large glitches with
average size of 37 µHz. For the accumulated observing time in
this bin, approximately 30 additional large glitches of 20 µHz
are required to reach the activity value predicted by the linear re-
lation. On the other side, the 7th bin (log |⌫̇| = �10.75) follows
the linear trend even though it has no large glitches detected.
According to the linear relation and the accumulated observing
time, only one large glitch of 10 µHz is necessary to obtain the
value predicted by the linear trend, which is very close to the cur-
rent activity value. However, instead of one large glitch, there are
smaller glitches that account for 9.78 µHz, making the activity
consistent with the linear relationship.

Since the proportionality between the glitch activity and the
spin-down rate is dominated by large glitches, and these have
a very narrow size distribution, we expect that the rate of large
glitches, Ṅ`, will also be proportional to |⌫̇| (Fig. 5b). Because
the number of large glitches is expected to follow a Poisson

Table 1. Statistics of glitches for pulsars binned by their spin-down rate.

# Bin log |⌫̇| P
Ti N` Nt Npg Np

(Hz s�1) (yr)
1 �16.75 117 0 0 0 7
2 �16.25 430 0 0 0 25
3 �15.75 1233 0 0 0 70
4 �15.25 2478 0 3 3 139
5 �14.75 2675 0 11 8 142
6 �14.25 1973 0 25 16 105
7 �13.75 2083 0 35 20 113
8 �13.25 1706 1 29 18 105
9 �12.75 1312 3 26 14 81
10 �12.25 745 4 38 15 48
11 �11.75 493 8 74 15 33
12 �11.25 357 37 78 18 20
13 �10.75 66 13 19 5 5
14 �10.25 44 4 8 2 3
15 �9.75 16 0 2 1 1
16 �9.25 46 0 25 1 1

Notes. The first column is the bin number. The second and third
columns correspond to log |⌫̇| for the group of pulsars in each bin (the
central value of each logarithmic interval), and the sum of the observa-
tion time of all pulsars in that bin. The next two columns contain the
number of large glitches and the total number of glitches, respectively.
The last two columns correspond to the number of pulsars with glitches,
and the total number of pulsars in each bin, respectively.

distribution, the expected dispersion in the rate of large glitches
Ṅ` can be estimated in a more reliable way than that in the glitch
activity ⌫̇g. This allows us to test in a statistically meaningful
way whether or not the identified trend applies to all pulsars.

Figure 6 confirms that Ṅ`/|⌫̇| is approximately constant and
its mean value is (4.2 ± 0.5) ⇥ 102 Hz�1 (which we calculated
considering only the |⌫̇| bins for pulsars with �13.5 < log |⌫̇| <
�10.5). We observe that except for the three bins with the largest
spin-down rate, all others are consistent with this trend. The non-
detection of large glitches in the region of small |⌫̇| is consistent
with the small expected rate and the finite monitoring time, as il-
lustrated by the shaded area in Fig. 6. Based on this relation, the
expected number of large glitches (Nexp

` ) for the three bins with
the highest |⌫̇| (log |⌫̇| > �10.5) is 30±5, 35±5, and 325±18, re-
spectively. This strongly contradicts the only four large glitches
detected in bin 14 and the absence of large glitches in bins 15
and 16 (which contain only PSR B0540�69 and the Crab pulsar,
respectively; see Table 1). Thus, we can confidently rule out the
linear relation between ⌫̇g and |⌫̇| for the largest values of the lat-
ter variable, but it remains consistent for all |⌫̇| < 10�10.5 Hz s�1.

Next, we test whether the individual pulsars within each bin
are also consistent with this trend. Since the number of large
glitches for each pulsar is small (in most cases zero), the usual
�2 test is not applicable. Instead, we use Fisher’s test (Fisher
1925), based on the statistic

X2
2k = �2

kX

i=1

ln pi, (2)

with two-tailed p-values for each pulsar calculated as

pi = min{P(Nobs
`  Nexp

` ), P(Nobs
` � Nexp

` )}, (3)

where P(Nobs
`  Nexp

` ) is the (Poisson) probability of observing a
value Nobs

` smaller or equal to the expected value Nexp
` , based on
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Integrated glitch activityFuentes+2017
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Fig. 4. Panel a: log ⌫̇g versus log |⌫̇|. Panel b: log (⌫̇g/|⌫̇|) versus log |⌫̇|.
The horizontal line corresponds to the average ratio ⌫̇g/|⌫̇| = 0.012 ±
0.001, calculated over the bins with �14 < log |⌫̇| < �10.5. In both
panels the crosses correspond to pulsars that have no glitches detected,
whereas large black dots and small gray dots represent the bins (groups)
and individual pulsars, respectively.

glitches (the remainder), showing the results in Fig. 5. We ob-
serve that large glitches determine the linear relation between ⌫̇g
and |⌫̇| in the range �13.5 < log |⌫̇| < �10.5, and calculate the ra-
tio ⌫̇g/|⌫̇| = 0.010±0.001. This value is consistent with the value
obtained in the previous section, when considering all glitches
and including bin 7, which has no large glitches detected. Ac-
cordingly, we use the linear relation ⌫̇g = 0.01|⌫̇| as a reference
throughout the paper. The activity due to small glitches follows
a roughly similar, though noisier, increasing trend with |⌫̇|.

There are no large glitches detected in pulsars with the
smallest and the largest spin-down rates (log |⌫̇| < �13.5 and
log |⌫̇| > �10). The 14th bin (log |⌫̇| = �10.25, Table 1) fails to
follow the linear trend, despite having four large glitches with
average size of 37 µHz. For the accumulated observing time in
this bin, approximately 30 additional large glitches of 20 µHz
are required to reach the activity value predicted by the linear re-
lation. On the other side, the 7th bin (log |⌫̇| = �10.75) follows
the linear trend even though it has no large glitches detected.
According to the linear relation and the accumulated observing
time, only one large glitch of 10 µHz is necessary to obtain the
value predicted by the linear trend, which is very close to the cur-
rent activity value. However, instead of one large glitch, there are
smaller glitches that account for 9.78 µHz, making the activity
consistent with the linear relationship.

Since the proportionality between the glitch activity and the
spin-down rate is dominated by large glitches, and these have
a very narrow size distribution, we expect that the rate of large
glitches, Ṅ`, will also be proportional to |⌫̇| (Fig. 5b). Because
the number of large glitches is expected to follow a Poisson

Table 1. Statistics of glitches for pulsars binned by their spin-down rate.

# Bin log |⌫̇| P
Ti N` Nt Npg Np

(Hz s�1) (yr)
1 �16.75 117 0 0 0 7
2 �16.25 430 0 0 0 25
3 �15.75 1233 0 0 0 70
4 �15.25 2478 0 3 3 139
5 �14.75 2675 0 11 8 142
6 �14.25 1973 0 25 16 105
7 �13.75 2083 0 35 20 113
8 �13.25 1706 1 29 18 105
9 �12.75 1312 3 26 14 81
10 �12.25 745 4 38 15 48
11 �11.75 493 8 74 15 33
12 �11.25 357 37 78 18 20
13 �10.75 66 13 19 5 5
14 �10.25 44 4 8 2 3
15 �9.75 16 0 2 1 1
16 �9.25 46 0 25 1 1

Notes. The first column is the bin number. The second and third
columns correspond to log |⌫̇| for the group of pulsars in each bin (the
central value of each logarithmic interval), and the sum of the observa-
tion time of all pulsars in that bin. The next two columns contain the
number of large glitches and the total number of glitches, respectively.
The last two columns correspond to the number of pulsars with glitches,
and the total number of pulsars in each bin, respectively.

distribution, the expected dispersion in the rate of large glitches
Ṅ` can be estimated in a more reliable way than that in the glitch
activity ⌫̇g. This allows us to test in a statistically meaningful
way whether or not the identified trend applies to all pulsars.

Figure 6 confirms that Ṅ`/|⌫̇| is approximately constant and
its mean value is (4.2 ± 0.5) ⇥ 102 Hz�1 (which we calculated
considering only the |⌫̇| bins for pulsars with �13.5 < log |⌫̇| <
�10.5). We observe that except for the three bins with the largest
spin-down rate, all others are consistent with this trend. The non-
detection of large glitches in the region of small |⌫̇| is consistent
with the small expected rate and the finite monitoring time, as il-
lustrated by the shaded area in Fig. 6. Based on this relation, the
expected number of large glitches (Nexp

` ) for the three bins with
the highest |⌫̇| (log |⌫̇| > �10.5) is 30±5, 35±5, and 325±18, re-
spectively. This strongly contradicts the only four large glitches
detected in bin 14 and the absence of large glitches in bins 15
and 16 (which contain only PSR B0540�69 and the Crab pulsar,
respectively; see Table 1). Thus, we can confidently rule out the
linear relation between ⌫̇g and |⌫̇| for the largest values of the lat-
ter variable, but it remains consistent for all |⌫̇| < 10�10.5 Hz s�1.

Next, we test whether the individual pulsars within each bin
are also consistent with this trend. Since the number of large
glitches for each pulsar is small (in most cases zero), the usual
�2 test is not applicable. Instead, we use Fisher’s test (Fisher
1925), based on the statistic

X2
2k = �2

kX

i=1

ln pi, (2)

with two-tailed p-values for each pulsar calculated as

pi = min{P(Nobs
`  Nexp

` ), P(Nobs
` � Nexp

` )}, (3)

where P(Nobs
`  Nexp

` ) is the (Poisson) probability of observing a
value Nobs

` smaller or equal to the expected value Nexp
` , based on
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Fig. 11. ⌫̇g/|⌫̇| vs. |⌫̇| for pulsars in our sample. The dashed-line with
the blue region correspond to the constant ratio ⌫̇g/|⌫̇| = 0.010 ± 0.001,
determined by Fuentes et al. (2017). The error bars were calculated as
described in the latter paper.

B1737�30, and B1758�23, which do not have any large glitches
contributing to their activities.

On the other hand, pulsars with higher spin-down rates also
have a larger fraction of large glitches. At the highest spin-
down rates (|⌫̇| � 10�11 Hz s�1), the production of large glitches
becomes comparable and sometimes higher than the production
of small glitches, again with the notorious exception of the Crab
and PSR B0540�69. This trend is also followed by the pulsars in
our sample: all large glitches (but one in PSR J0631+1036), are
concentrated in PSRs J0205+6449, J0537�6910, and the Vela
pulsar, which are (together with the Crab) the ones with largest
|⌫̇| values (see Figs. 1 and 11).

Thus, it seems to be the case that both large and small
glitches draw from the same angular momentum reservoir (for
all but the very young, Crab-like pulsars), but have di↵erent trig-
ger mechanisms, the large ones being produced once a critical
state is reached, whereas small ones occur in a more random
fashion. For reasons still to be understood, the glitch activity of
relatively younger, high |⌫̇|, Vela-like pulsars is dominated by
large glitches, whereas for smaller |⌫̇| the large glitches become
less frequent, both in absolute terms and relative to the small
ones (Wang et al. 2000; Espinoza et al. 2011).

In this context, it is interesting to note that recent long-
term braking index measurements indicate that Vela-like pulsars
move towards the region where PSRs J0631+1036, B1737�30,
and B1758�23 are located on the P–Ṗ diagram (Espinoza et al.
2017).

7. Summary and conclusions

We studied the individual glitching behaviour of the eight pulsars
that today have at least ten detected glitches. Our main conclu-
sions are the following:
1. We confirm the previous result by Melatos et al. (2008) and

Howitt et al. (2018) that, for Vela and PSR J0537�6910,
the distributions of both their glitch sizes and waiting times
are best fitted by Gaussians, indicating well-defined scales
for both variables. For all other pulsars studied, the wait-
ing time distribution is best fitted by an exponential (as

would be expected for mutually uncorrelated events), but
they have a variety of best-fitting size distributions: a power
law for PSR J0205+6449, J0631+1036, and B1737�30, a
log-normal for the Crab and PSR B1338�62, and an expo-
nential for PSR B1758�23.

2. All pulsars in our sample, except for the Crab, have positive
Spearman and Pearson correlation coe�cients for the rela-
tion between the size of each glitch, �⌫k, and the time to the
following glitch, �⌧k+1 (as found by Melatos et al. 2018). For
each coe�cient, the probability for this happening by chance
is 1/16 = 6.25%. Both coe�cients also stay positive as the
small glitches are removed (see Fig. 8).

3. PSR J0537�6910 shows by far the strongest correlation
between glitch size and waiting time until the following
glitch (rp = rs = 0.95, p-values . 10�22). Another three
pulsars, PSRs J0205+6449, B1338�62, and B1758�23, have
quite significant correlations (p-values  0.004 for both
coe�cients).

4. Our first hypothesis to explain the much weaker correlations
in all other pulsars compared to PSR J0537�6910, namely
missing glitches that are too small to be detected, is very
unlikely to be correct. Our Monte Carlo simulations show
that, for reasonable glitch size distributions, it cannot pro-
duce an e↵ect as large as observed.

5. Our alternative hypothesis, namely that there are two classes
of glitches, large correlated ones and small uncorrelated
ones, comes closer to reproducing the observed relations;
notably for PSRs J0205+6449 and Vela. The resulting cor-
relations for both pulsars present dispersions that are twice
the one observed for PSR J0537�6910. For the other pul-
sars, the required dispersion to accommodate this hypothesis
are much larger.

6. The correlation coe�cients between the sizes of two succes-
sive glitches, �⌫k�1 and �⌫k, as well as between the size of a
glitch, �⌫k and the waiting time since the previous glitch,
�⌧k, are generally not significant in individual pulsars (in
agreement with Melatos et al. 2018), but they are negative for
most cases, suggesting some (weaker) relation also among
these variables.

7. Except for the Crab, all pulsars in our sample are consis-
tent with the constant ratio between glitch activity and spin-
down rate, ⌫̇g/|⌫̇| = 0.010 ± 0.001 (Fuentes et al. 2017). This
includes cases dominated by large glitches, as well as others
with only small glitches.

8. The previous results suggest that large and small glitches
draw their angular momentum from a common reservoir,
although they might be triggered by di↵erent mechanisms.
Large glitches, which dominate at large |⌫̇| (except for the
Crab and PSR B0540�69), might occur once a certain criti-
cal state is reached, while small glitches, dominating in older
pulsars with lower |⌫̇|, occur at essentially random times.

All the above is based on the behaviour of the pulsars with the
most detected glitches. Even though we have shown before that
the activity of all pulsars appears to be consistent with one sin-
gle trend, these pulsars could still be outliers among the general
population. Only many more years of monitoring will clarify the
universality of these results.
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Thus, glitches tap a similar size superfluid

in all pulsars, 


but each pulsar decides how to use it

The 8 pulsars with 10+ detected glitches

Fuentes+2019

The individual activity of the 8 pulsars 
is what we expect,  

given their spin-down rate.



Individual glitch activities [%]

PSR

B0531+21 0.005

J0537-6910 0.9

J0631+1036 2.4

B0833-45 2.1

B1338-62 1.3

B1737-30 1.3

B1758-23 1.1

⌫̇g/⌫̇
<latexit sha1_base64="aMEswpmAGkUCxvN5PlFl61Y8V1Y=">AAACBXicjVDLSsNAFJ34rPUVdamLYBFc1VQFXRbduKxgH9CEMpnetEMnkzBzI5aQjRt/xY0LRdz6D+78G6cP8IGCBy4czrmHmXuCRHCNrvtuzczOzS8sFpaKyyura+v2xmZDx6liUGexiFUroBoEl1BHjgJaiQIaBQKaweB85DevQWkeyyscJuBHtCd5yBlFI3XsHa8bY+bJNO94CDeY9fKDT8kuVcruGM7fpESmqHXsN5NlaQQSmaBatytugn5GFXImIC96qYaEsgHtQdtQSSPQfja+Inf2jNJ1wliZkeiM1a+JjEZaD6PAbEYU+/qnNxJ/89ophqd+xmWSIkg2eShMhYOxM6rE6XIFDMXQEMoUN391WJ8qytAUV/xfCY3DcuWo7F4el6pn0zoKZJvskn1SISekSi5IjdQJI7fknjySJ+vOerCerZfJ6ow1zWyRb7BePwAGwpmK</latexit>

in other words,
the liberation of stress remains

at ~1% of the spin-down rate

regardless of the glitch sizes, 

how they distribute, and 

the waiting times between glitches. 



Two glitching styles

• Could mass differences account for the  
different behaviours? The fact that 

 must be considered. 


• Temperature differences?


• Evolution: Will Vela’s glitching style turn into 
B1737-30’s style?


• A different trigger mechanism: Perhaps 
something triggers glitches in B1737-30 before 
larger glitches can happen.  / Something 
which is not active (or has no chances to be 
triggered) in Vela or J0537-6910. 

·νg/ ·ν ∼ 0.01

Conclusions /some thoughts



Thank you !
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to perform robust statistical analyses on individual bases. This
has made people focus on the few objects that have the largest
numbers of detected glitches (about ten pulsars). The statisti-
cal distributions of glitch sizes and times between consecutive
glitches (waiting times), for the nine pulsars with more than five
known glitches at the time, were studied by Melatos et al. (2008).
They found that seven out of the nine pulsars exhibited power-
law-like size distributions and exponential waiting time distri-
butions. The distributions of the other two (PSRs J0537�6910
and B0833�45, the Vela pulsar) were better described by Gaus-
sian functions, which set preferred sizes and time scales. These
results have been further confirmed by Fulgenzi et al. (2017) and
Howitt et al. (2018), who also found that there are at least two
main behaviours among the glitching pulsars.

Correlations between glitch sizes and the times to the nearest
glitches, either backwards or forwards, are naturally expected.
We know that glitch activity is driven by the spin-down rate
(Fuentes et al. 2017), which suggests that glitches are the release
of some stress that builds up at a rate determined by |⌫̇|. If the
stress is completely released at each glitch, then one should
expect a correlation between size and the time since the last
glitch. Conversely, if glitches occur when a certain critical state
is reached, one should expect a correlation between size and the
time to the next glitch, as longer times would be needed to come
back to the critical state after the largest glitches. Moreover, if
both assumptions are indeed correct, glitches would all be of
equal sizes and occur periodically. However, with the exception
of PSR J0537�6910 (see below), no other pulsars have shown
significant correlations between glitch sizes and the times to the
nearest events (e.g. Wang et al. 2000; Yuan et al. 2010; Melatos
et al. 2018). This may be partly due to small-number statistics
and might improve in the future, provided a substantial number
of pulsars continue to be monitored for glitches.

The case of PSR J0537�6910, however, is very clear. With
more than 40 glitches detected in ⇠13 yr, the statistical conclu-
sions about its behaviour are much more significant than for
any other pulsar. As first reported by Middleditch et al. (2006),
its glitch sizes exhibit a strong correlation with the waiting
time to the following glitch (see also Antonopoulou et al. 2018;
Ferdman et al. 2018, who confirmed the correlation using twice
as much data).

Antonopoulou et al. (2018) interpret this behaviour as an
indication that glitches in this pulsar occur only once some
threshold is reached. Moreover, this behaviour would imply that
not necessarily all the stress is released in the glitches, thereby
giving rise to the variety of (unpredictable) glitch sizes observed
and the lack of backwards time correlation.

In this work we study the sequence of glitches in the pul-
sars with at least ten detected events, by characterizing their dis-
tributions of glitch sizes and waiting times between successive
glitches. Also, we test two hypotheses to explain why most pul-
sars do not show a correlation between glitch size and time to
the following glitch: the e↵ects of undetected small glitches and
the possibility that two di↵erent classes of glitches are present in
each pulsar.

2. Pulsars with at least ten detected glitches

To date, there are eight pulsars with at least 10 detected glitches
(Fig. 1). PSRs J0205+6449, B0531+21 (the Crab pulsar),
B1737�30, B1758�23, and J0631+1036 have been observed
regularly by the Jodrell Bank Observatory (JBO, Hobbs et al.
2004). PSR B1338�62 has been observed by the Parkes tele-
scope, and the Vela pulsar has been observed by several
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Fig. 1. Upper part of the P�Ṗ diagram for all known pulsars. The pul-
sars in our sample have at least ten detected glitches and are labelled
with di↵erent symbols. Lines of constant spin-down rate ⌫̇ are shown
and labelled. P and Ṗ values were taken from the ATNF pulsar cata-
logue (http://www.atnf.csiro.au/research/pulsar/psrcat).

telescopes, including Parkes, the Jet Propulsion Laboratory,
and others in Australia and South Africa (e.g. Downs 1981;
McCulloch et al. 1987; Yu et al. 2013; Buchner 2013).
PSR J0537�6910 is the only object in our sample not detected
in the radio band and was observed for 13 years by the
Rossi X-ray Timing Explorer (RXTE; Antonopoulou et al. 2018;
Ferdman et al. 2018). Glitch epochs and sizes were taken from
the JBO online glitch catalogue1, where more information and
the appropriate references for each measurement can be found.

Figures 2 and 3 show that the Vela pulsar and
PSR J0537�6910 produce glitches of similar sizes, partic-
ularly large glitches (�⌫ > 10 µHz), and in fairly regular time
intervals. The absence of smaller glitches in these pulsars is
not a selection e↵ect, as it is quite unlikely that a considerable
amount of glitches with sizes up to �⌫ ⇠ 10 µHz, far above the
detection limits reported in the literature (see Watts et al. 2015,
and text below), could have gone undetected. On the other hand,
the rest of the pulsars exhibit irregular waiting times and cover
a wider range of sizes (�⌫ ⇠ 10�3�10 µHz).

The cadence of the timing observations varies considerably
from pulsar to pulsar (and even with time for individual pulsars),
and the sensitivity of the observations, from which the glitch
measurements were performed, are also di↵erent between dif-
ferent pulsars. This means that the chances of detecting very
small glitches are di↵erent for each pulsar and that the complete-
ness of the samples towards small events might also be di↵erent
(Espinoza et al. 2014). Nonetheless, in this study we use a sin-
gle value to represent the glitch size below which samples are
likely to be incomplete due to detectability issues. For an observ-
ing cadence of 30 days and a rotational noise of 0.01 rotational
phases, glitch detection is severely compromised below sizes
�⌫ ⇠ 10�2 µHz, especially if their frequency derivative steps are
larger than |�⌫̇| ⇠ 10�15 Hz s�1 (see Watts et al. 2015). We use
the above numbers to characterize the glitch detection capabili-
ties in this sample of pulsars, but we note that such cadence and
rotational noise are rather pessimistic values in some cases.

3. Distributions of glitch sizes and times between

glitches

In the following, we model the distributions of glitch sizes (�⌫,
measured in µHz) and the distributions of times between succes-
sive glitches (�⌧, measured in yr) for each pulsar in our sample.

1 http://www.jb.man.ac.uk/pulsar/glitches/gTable.html
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analysis of a sample of glitches that is unbiased towards their
presence in the data. The events were taken from published sys-
tematic records of timing observations of hundreds of pulsars.
We focus on the frequency step sizes and their rate (the glitch ac-
tivity) and study how they depend on long-term spin properties
(spin frequency, spin-down rate, and combinations of these, such
as energy-loss rate, magnetic field, and spin-down age). This pa-
per is organised as follows. Section 2 describes the new database
and how neutron stars and glitch detections were selected to
avoid bias in our sample. In Sect. 3 we analyze the glitch size dis-
tribution and classify glitches according to their sizes. Section 4
presents a study of the cumulative e↵ect of glitches on the ro-
tation of neutron stars and a discussion of the relation between
the glitch activity and the spin-down rate. Finally, Sects. 5 and 6
show the Discussions and Conclusions of the paper, respectively.

2. The new database

Today, more than 700 pulsars are regularly monitored at the
Jodrell Bank Observatory (JBO), some of them from as early as
1978 (Hobbs et al. 2004). These long-term observations are es-
sential to finding glitches and studying their properties. In order
to build a sample that is as unbiased as possible, we included all
pulsars that have been regularly monitored for glitches in clearly
defined time spans, regardless of whether glitches were found or
not. Selecting only those pulsars for which glitches have been
detected would bias the sample towards the presence of glitches.
According to this scheme, we included 778 pulsars monitored
at JBO, containing 296 glitches in the rotation of 111 pulsars.
These glitches are the JBO events in Espinoza et al. (2011) plus
69 newer glitches measured until 2015 and published in the JBO
online glitch catalog1 (Shaw et al., in prep.).

In order to expand the sample, we also included Parkes ob-
servations of 118 pulsars, which show 73 glitches in the rotation
of 23 pulsars, as reported by Yu et al. (2013). In case of overlap
between the observation spans of the JBO and Parkes pulsars,
we considered the earliest and the latest epoch between the two
to define the start and end of the searched time spans.

In order to improve the statistics for pulsars with small char-
acteristic ages (⌧c = �⌫/2⌫̇), we also added the two X-ray pul-
sars PSRs J1846-0258 and B0540-69, which have been moni-
tored for about 15 yr each and have been searched for glitches
(Ferdman et al. 2015; Livingstone et al. 2011). With these two
additions, the database contains all the rotation-powered pulsars
known with ⌧c < 2 kyr. It is not possible to obtain a complete
sample for pulsars of larger characteristic ages because many
of them have either not been regularly monitored or not been
searched for glitches.

Finally, to compare the glitch activity between rotation-
powered pulsars and magnetars, we included the observations of
five magnetars. They have been observed continuously for 16 yr
on average, and Dib & Kaspi (2014) reported a set of 11 glitches
in the whole of their timing dataset.

We constructed a database containing rotational information
(⌫, ⌫̇), with ⌫̇ corrected for the Shklovskii e↵ect (Camilo et al.
1994), glitch measurements �⌫, and the observation spans over
which glitch searches have been performed (on average, 17.5 yr
for each pulsar). Here, �⌫ corresponds to the frequency increase
due to the glitch. We did not take �⌫̇ steps or recoveries into
account because not all glitches have these parameters measured
in a consistent way.

1 http://www.jb.man.ac.uk/pulsar/glitches.html
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Fig. 1. Rotation period versus its time derivative (“P-Ṗ diagram”) for
all known neutron stars. Lines of constant spin-down rate ⌫̇ are shown
and labeled. The small dark blue and medium light amber dots denote
the known neutron stars not in our database, and the neutron stars in
our database with no detected glitches, respectively. The large orange
and turquoise dots represent those pulsars in our database with large
glitches, and only small glitches detected, respectively. The turquoise
triangles correspond to the magnetars in our database, which only have
small glitches detected. P and Ṗ for neutron stars not in our database
were taken from the ATNF pulsar catalog2 (Manchester et al. 2005).

Altogether, our sample contains the rotational information of
903 neutron stars, as shown in Fig. 1, with a total of 384 glitches
in 141 of them. The sample does not have a well-defined selec-
tion criteria, being mostly determined by having pulsars bright
enough that they could be regularly monitored without an ex-
treme commitment of observing time. In addition, the observ-
ing time spans are not uniform, as additional pulsars were added
as they were discovered. On the other hand, it is important to
note that the sample includes nearly a third of all pulsars known
to date, with representatives across the P � Ṗ diagram (see
Fig. 1), and none of the pulsars were selected directly because
of their glitch properties (presence or absence of glitches, their
frequency, or size). Thus, it should be close to the best possible
available sample for the study performed in the present paper,
and the biases present should not a↵ect our conclusions.

3. The glitch size distribution

The distribution of the glitch magnitude �⌫ of all glitches
in our database is shown in Fig. 2, and is in agreement

1 http://www.atnf.csiro.au/research/pulsar/psrcat
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