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5 Confronting post-glitch relaxation theory with observations of the Vela pulsar

Abstract

Spin-up glitches in the rotation of pulsars are attributed to the dynamics of their su-
perfluid interiors and provide a unique way to probe the properties of the inner crust
and core of neutron stars. The post-glitch response is usually modelled with a multi-
component exponential decay, often supplemented with terms that describe perma-
nent changes in the spin and spin-down rates. In addition to exponential recoveries,
a different response, non-linear in the glitch spin-up amplitude, is also theoretically
possible and expected to arise for a range of plausible stellar properties. Here, we use
the high-resolution data from the Vela glitch of 2000, to investigate whether such data
are of sufficient quality to distinguish between a model with three exponential terms,
and permanent increases in both the spin rate and the spin-down rate, or a model in
which one of the exponential terms is replaced by the predicted non-exponential re-
laxation. We find, consistent with previous analyses of this glitch, exponential decay
over two distinct timescales, ∼ 0.5 and ∼ 3.5 days. In the context of vortex slip-
page theory introduced by Link (2014), such short timescales cannot originate from
regions where vortex pinning is dominant, since these are expected to respond in the
non-linear regime and recover with a time delay of a few weeks for the glitch ex-
amined here. The presence of such a delayed-response term is neither significantly
favoured nor disfavoured from our analysis, compared to a long-lived exponential
decay or a linear decay in spin-down rate, but we are able to obtain constraints on the
theory of superfluid vortex slippage.
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5.1 Introduction

5.1 Introduction

Glitches in the rotation of neutron stars are rapid increases of the spin frequency ν,
which is otherwise secularly decreasing under the external electromagnetic torque.
The changes of the observed angular velocity Ωc = 2πν during a glitch cover a wide
range of magnitudes, with fractional sizes ∆ν/ν ∼ 10−11 − 10−6 (Espinoza et al.
2011b; Yu et al. 2013). Enhancements in spin down rate of the order ∆ν̇c/ν̇c ∼

10−4 − 10−2 are often observed to accompany such events (Shemar & Lyne 1996;
Espinoza et al. 2011b; Yu et al. 2013). The rotational parameters typically recover,
at least partially, to their pre-glitch values on long timescales of days to years. These
long relaxation timescales are one of the most important features of glitches, since
they provide indirect evidence for a superfluid component in the interior of neutron
stars (Baym et al. 1969). In most glitch models, the superfluid is also thought to be
driving the glitch itself, since it can maintain a higher angular velocity than the rest of
the star and thus provide the necessary angular momentum for the spin-up (Anderson
& Itoh 1975).

Neutron stars cool soon after their formation below the transition temperature for
the onset of proton superconductivity in the core and neutron superfluidity in the core
and inner crust. For densities ρ & 3 × 1014 g cm−3 the superconducting protons will
be likely of type I, with the magnetic field confined in small regions without clear
structures (Glampedakis et al. 2011). At lower densities (the outer core region) type-
II superconductivity is expected (Baym et al. 1969), with the magnetic flux quantised
in fluxtubes. Equivalently, the circulation of the superfluid neutrons will be quantised
in vortex lines and the superfluid’s angular velocity is defined by the number of vor-
tices threading it. In order for the superfluid to follow the spin-down of the star due to
the external torque, the vortex density needs to decrease by outwards vortex motion
and expulsion. However, the interaction of vortices with the charged component can
lead to vortex “pinning", for example to the lattice nuclei of the inner crust (Alpar
1977; Epstein & Baym 1988) or the flux-tubes in the outer core (Jones 1991; Chau
et al. 1992). Strong pinning can greatly suppress vortex outflow in these regions,
in which case the superfluid spins down less effectively and a rotational lag builds
up between the charged and superfluid stellar components. Anderson & Itoh (1975)
have proposed that glitches represent catastrophic unpinning of many vortices. As the
freed vortices move outwards, they impart torque to the charged component, produc-
ing the observed spin-up of the crust. Independently of the origin of the spin-up, the
glitch perturbation in the velocity of the charged component affects the rate of vortex
outflow, which depends on the rotational lag of the two components. This results in
a temporal decoupling of the superfluid, and since the external torque acts on a lesser
moment of inertia, it gives rise to the initial change in spin-down rate observed to ac-
company most glitches. The recoupling of this superfluid component is reflected in
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5 Confronting post-glitch relaxation theory with observations of the Vela pulsar

the post-glitch recovery. In the following, we briefly review the expected dynamical
response of a superfluid to a glitch, in the presence or absence of significant vortex
pinning, which this work aims to examine.

5.1.1 Post-glitch recoveries

In the pioneering work of Alpar et al. (1981, 1984a), inspired by the flux-tube creep
process observed in terrestrial superconductors, the equivalent thermally-activated
process of superfluid vortex creep and the response to a glitch was explored. They
concluded that the pinned superfluid in neutron stars could be in one of two different
regimes, characterised by a linear or non-linear response to the glitch amplitude,
depending on the local temperature and pinning properties (Alpar et al. 1989).

Models with solely exponential decays, the response of the above linear (in glitch
size) regime, appear to provide a good description of the data (Downs 1981; Alpar
et al. 1993; Lyne et al. 2000; Wong et al. 2001) and typically the post-glitch behaviour
is investigated by fitting the data with a permanent frequency change, a permanent
change in the spin-down rate, plus one or more such exponential terms (Yu et al.
2013). On the basis of such fits, attempts have been made to deduce the physical
properties and dynamics of the neutron star interior. An important question is whether
such exponential functions are always favoured by the data, or whether different basis
functions, particularly those motivated by physical glitch models, can describe the
data equally well or are preferred1.

Recent work by Link (2014) predicts that, in regions where pinning is prevalent,
thermally activated unpinning and the subsequent vortex motion will always be in
the non-linear regime and will result in a distinct signature in the frequency residuals
δΩc(t) = 2π[ν(t) − νo(t)], where νo(t) is the pre-glitch timing solution. This response
depends non-linearly on the initial glitch perturbation size ∆Ω

(g)
c = 2π∆νg, giving

a non-exponential signature in the recovery. The contribution to the residuals of
one such superfluid pinned region, characterised by a moment of inertia Is,p and a
relaxation time tr, can be approximated as (Equation 83 of Link 2014; Alpar et al.
1989):

δΩc(t)
∆Ωc

' 1 −
Is,p

I

[
t
td

+
tr
td

ln
(

etd/tr

et/tr + etd/tr − 1

)]
(5.1)

with td being the decoupling time which is given by :

td =
δΩ

(g)
c (t)
|Ω̇c|

' 2tsd
∆νg

ν
' 7

(
tsd

104 yr

) (
∆ν/ν

10−6

)
days (5.2)

1In this connection, we note that when two or more exponentials are used, the fits become somewhat
degenerate in the fitting parameters, representative of the degeneracy in the choice of basis functions.
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5.1 Introduction

where we define the spin-down age tsd = ν/(2|ν̇|).
The signature of Eq. 5.1 is a delayed-recoupling (hereafter denoted DR) recovery,

linear in spin frequency for time td, followed by an exponential relaxation over a
timescale tr as illustrated in Fig. 5.1. The superfluid remains decoupled for time
td, before it is able to recouple over a timescale tr. Thus the total recovery time is
∼ td + tr. In the limit tr >> td, the last term sets in at an early time, and the response
will appear to be exponential. However, for large glitches in mature neutron stars
the time delay td is expected to be td > tr. Consequently, any relaxation components
associated with timescales shorter than td cannot be due to thermally activated vortex
slippage in pinning regions.

Instead, relaxation on such timescales might originate from regions where pin-
ning is absent or very weak and the coupling between the two components is de-
termined by vortex motion against drag forces. Then the predicted response is also
exponential (see for example Andersson & Comer 2006; Link 2014), as for a pinning
region in the tr >> td limit, and can be written as:

δΩc

∆Ωc
= 1 − Q(1 − e−t/tr ) . (5.3)

In the above we introduced the glitch recovery fraction Q, which is defined as Q =∑
∆νd/∆νg, where

∑
∆νd is the sum of the amplitudes of all decaying glitch compo-

nents. The initial spin-up might have contribution from permanent components ∆νp,
so that ∆νg = ∆νp +

∑
∆νd and Q , 1 and represents the fractional moment of inertia

of the regions that relax back to their pre-glitch state.
Disentangling the expected signatures of each region from observational data can

constrain the moment of inertia of the pinning regions which are able to act as angu-
lar momentum reservoirs. It is usually assumed that the component responsible for
glitches and the post-glitch relaxation (on observable timescales) is the inner crust
superfluid. Pinning is possible there because the lattice of nuclei provides a strong
interacting potential for the neutron vortices. Moreover, large glitch recoveries seem
to involve a superfluid moment of inertia of Is ∼ 10−2I, where I is the total moment
of inertia, close to the theoretically estimated value for the crust. However, recent
work by Chamel (2012) indicates that entrainment of neutrons in the inner crust,
that arises from their scattering off the crustal lattice, might limit considerably the
crustal superfluid moment of inertia available to act as an angular momentum reser-
voir (Andersson et al. 2012; Chamel 2013b; Hooker et al. 2013). If that is the case
then observations of large glitches can lead to valuable constraints on the neutron star
properties and equation of state, but their interpretation relies crucially on whether a
portion of the core takes part in the glitch or not.

Though much effort has been devoted to understanding the dynamics of the crustal
superfluid (see for example Alpar et al. 1984a, 1993; Link & Epstein 1996; Jahan-
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Figure 5.1: Examples of the post-glitch frequency residuals as predicted by Eq. 5.1, for td = 1 (arbitrary
time units) and tr/td varying from 0.5 to 8 (left to right dashed curves). For comparison, the solid line
shows the frequency residuals for a glitch with the same recovery fraction (single exponential relaxation,
with characteristic timescale τ).

Miri 2005; Pizzochero 2011; Link 2014), the contribution of the core to the glitch
phenomenon remains much less explored. For type-I proton superconductivity vortex
pinning is negligible (Sedrakian 2005), however in the case of type-II superconduct-
ing protons the fluxtube-vortex interaction can lead to pinning in parts of the core
(Ruderman et al. 1998; Link 2003). Therefore, modelling glitch recoveries can shed
light on the nature of superconductivity in the core of neutron stars and the interaction
between neutron vortices and proton flux tubes. A thermally-activated response takes
exactly the same form as the drag response in the limit tr >> td, thus when this con-
dition is true the two signatures cannot be discriminated (see Figure 5.1). However,
according to Eq. 5.2, the decoupling timescale is expected to be long and potentially
td >> tr for the, typically large, Vela pulsar glitches.

In this work we analyse data for its 2000 glitch and model the post-glitch recovery
with a function that takes into account the possible presence of the DR response term.
Link (2014) finds that the coupling timescale for the inner crust is years to decades
long, suggesting that the crustal superfluid in not responsible for the relatively faster
decays observed in the post-glitch response. Moreover, according to Link (2014)
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5.2 Observations of the 2000 Vela glitch

and for the glitch parameters presented here, the presence of strong pinning in the
outer core would leave a distinct signature in the residuals ∆Ω̇(t) of linear decay for
td ∼ 25 days, followed by an exponential relaxation of this component on a timescale
of tr ∼ 3 days. We test directly for the predictions of thermally activated vortex
slippage theory in the post-glitch frequency residuals and contrast our results with
those obtained from a recovery model with simple exponential decays.

5.2 Observations of the 2000 Vela glitch

The Vela pulsar was the first neutron star seen to glitch (Radhakrishnan & Manchester
1969) and suffers large glitches every ∼ 2− 3 years. Furthermore, observations at the
Hobart Radio Observatory (Mount Pleasant) successfully constrained the rise time
for one of the largest Vela glitches, which occurred on January 2000 (MJD 51559),
to under 40 sec. Because of the good quality of data, high cadence of observations
and the regular behaviour of its glitching activity, the Vela pulsar has been used ex-
tensively to test theoretical glitch models (Alpar et al. 1984b; Chau et al. 1993; Link
& Epstein 1996; Haskell et al. 2012).

We want to test for the presence of a residual ∆νs relaxing component as pre-
dicted by Eq. 5.1, which could indicate regions in the thermally activated slippage
regime. For this purpose, we used the data recorded with the 14-m diameter antenna
of the University of Tasmania at Mount Pleasant for the 2000 Vela glitch, which is
the best sampled post-glitch recovery to date. The times of arrival (TOAs) of the
2 minutes integrated observations from MJD 51559 to MJD 51645 were corrected
and barycentered using standard techniques and resulted in 22844 TOAs. We refer
the reader to Dodson et al. (2002) for details of the observations and the preliminary
analysis of the TOAs.

The basic timing model for the frequency ν(t) of a neutron star is derived by
a Taylor expansion around a reference epoch t0, typically truncated at the second
frequency derivative term ν̈:

ν(t) = ν0 + ν̇0 (t − t0) +
1
2
ν̈0 (t − t0)2 (5.4)

where ν0, ν̇0 and ν̈0 are the rotational parameters at t = t0. Glitches and glitch recov-
eries are usually modelled by permanent offsets ∆νp and ∆ν̇p and a sum of exponen-
tially decaying terms

∑
∆νd,i. These are parameterized by introducing, after a glitch

event, an additional term ∆ν(t) in Eq. 5.4 as follows:

∆ν(t) = ∆νp + ∆ν̇p t +
∑

i

∆νd,ie−t/τi (5.5)

where we have set the glitch epoch to be t = 0.
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5 Confronting post-glitch relaxation theory with observations of the Vela pulsar

In the framework of thermally activated vortex slippage however, the recovery
will be approximated by

∆ν(t) = ∆νp + ∆ν̇p t +
∑

i

∆νd,ie−t/τi +
∑

j

∆νs, j (5.6)

where the exponentially decaying terms are associated with drag-dominated regions
and the terms ∆νs, j represent the response of regions where pinning prevails. Accord-
ing to Eq. 5.1, the response ∆νs of a given region can be written as:

∆νs(t) ' ∆νg(1 − Qp) − Qp|ν̇o| t + Qp|ν̇o| tr ln
[
e

t
tr + e

∆νg
|ν̇o |tr − 1

]
(5.7)

where
Qp = Is,p/I (5.8)

is the fractional moment of inertia of the superfluid region that responds in this way,
and ∆νg is the spin-up extrapolated to the glitch epoch t = 0. For simplicity, we have
assumed that this superfluid component is not the same one that drives the glitch
(Link 2014), and we will consider only one region that responds as Eq. 5.7 for the
data analysis.

The dataset presented here consists of post-glitch data, which extend from the
glitch epoch up to MJD 51645, and was kindly shared with us by Richard Dodson,
in the form of corrected TOAs and a pre-glitch timing solution according to Eq.5.4
(Dodson et al. 2002). Since we cannot refine the pre-glitch solution via a global fit
to both pre- and post-glitch data that includes glitch recovery models, we extracted
the given pre-glitch timing solution (presented in Table 5.1) to find the residuals of
the post-glitch data. While the pre-glitch values of the frequency and spin-down
rate are rather well defined, the pre-glitch ν̈0 value, which is contaminated by timing
noise, differs from the one used by Dodson et al. (2002), which was calculated from
a global fit to a longer dataset that included pre-glitch TOAs (See table 1 of Dodson
et al. 2002). This leads to small discrepancies with their results for the late post-
glitch times, when the effects of the different ν̈0 are larger (see Section 5.3) . The
post-glitch phase residuals ∆φ were obtained using the timing package TEMPO2
(Hobbs et al. 2006), while calculations of the frequency residuals and the model fits
were performed using custom software as described below.

The post-glitch evolution of the frequency residuals with respect to the pre-glitch
timing solution is shown in Figure 5.2. These measurements arise from individual
fits of a Taylor expansion to non-overlapping subsets of TOAs. The number of TOAs
included in each subset was optimised to lead to a robust νmeasurement. A minimum
number of TOAs NTOAs

min = 100, and a maximum time separation of 1 day between the
first and last TOA were also imposed for every fitted subset, to ensure the quality
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Figure 5.2: The post-glitch frequency residuals, with respect to the pre-glitch timing solution presented
in Table 5.1. The frequency residuals are derived from fits to two different ensembles of TOA subsets
(see Section 5.2), with NTOAs

min = 80, leading to 115 frequency measurements (set 1) and NTOAs
min = 100,

resulting in 56 frequency measurements (set 2). The statistical error bars (shown here) are smaller than
the symbol size for the second set. The long dashed line corresponds to the fit solution of Model A,
while the dotted line is the result of the fit for Model B, both for set 2 (see Table 5.1 and the text for
details).

of the measurements. The contribution of higher frequency derivatives is negligible
for these short timescales; including a ν̇ term does not improve the frequency fits, we
therefore truncated the timing model at the ν term. These resulted in the 56 frequency
residual data points of Figure 5.2. For comparison, we present an additional set of
frequency residuals with almost double sampling (a total of 115 data points), subject
to the same constraints as before but with NTOAs

min = 80.

5.3 Model fits and results

Previous models used to describe the recovery of this glitch included permanent
changes ∆νp and ∆ν̇p, as well as 4 exponential terms (Dodson et al. 2002). The
three longer decay timescales characterising the relaxation were found to be around
0.5, 3 and 19 days, which are similar to the timescales observed in other glitches from
this pulsar (Flanagan 1990; Alpar et al. 1993). A term associated with an even faster
decay timescale of ∼ 1 min has been identified for this glitch, using the available
TOAs from 10 sec folded data (Dodson et al. 2002). We do not attempt to fit for the
one-minute decay, which cannot be resolved in the dataset used in the present anal-
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5 Confronting post-glitch relaxation theory with observations of the Vela pulsar

Table 5.1: The pre-glitch timing solution used in this analysis, and the inferred glitch parameters for
the 2000 glitch of PSRJ 0835−4510, according to two different models describing the recovery. Model
A includes three exponential recovery terms and permanent changes in ν and ν̇, while in Model B
one exponential term is replaced with the DR term of Eq. 5.6. All model parameters were optimised
simultaneously, for the two datasets of frequency residuals (see text for details). For the parameters
that were fitted, statistical 1 − σ errors in the last significant digit are presented in brackets. These
are indicative of our ability to constrain a given parameter via our model fits, but should otherwise be
regarded only as a lower limit to the real errors, since they do not take into account the systematic errors
introduced by the method used to derive the frequency residuals (see text) and the presence of timing
noise.

Parameter Set 1 Set 2
Epoch (MJD) 51559 51559
ν0 (Hz) 11.19461522857 11.19461522857
ν̇0 (10−11 Hz s−1) −1.5567 −1.5567
ν̈0 (10−20 Hz s−2) -2.1463323 -2.1463323
MJD range 51549.95 – 51559.30 51549.95 – 51559.30
Glitch epoch 51559.319 51559.319

Model A

∆νg (µHz) 35.8(4) 35(2)
∆ν̇p (10−14 Hz s−1) 13(2) 25(7)
∆ν(1)

d (µHz) 0.8(1) 0.55(4)
τ(1) (days) 0.33(5) 0.65(7)
∆ν(2)

d (µHz) 0.28(2) 0.24(1)
τ(2) (days) 3.0(3) 4.7(5)
∆ν(3)

d (µHz) 1.7(3) 4(2)
τ(3) (days) 56(8) 105(30)

Model B

∆νg (µHz) 35.7(4) 35.7(4)
∆ν̇p (10−14 Hz s−1) 7.3(3) 7.5(3)
∆ν(1)

d (µHz) 0.7(1) 0.7(1)
τ(1) (days) 0.38(6) 0.5(1)
∆ν(2)

d (µHz) 0.28(4) 0.26(4)
τ(2) (days) 3.3(8) 4(1)
Qp 0.026(1) 0.026(1)
tr (days) 26(7) 27(8)
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5.3 Model fits and results

ysis. We also set the glitch epoch tg to be the one derived by Dodson et al. (2002),
using the higher resolution TOAs close to the glitch epoch.

We therefore model the recovery as in Eq. 5.5, with three exponentially relaxing
terms (Model A), leaving a total of 8 free parameters to characterise the permanent
and decaying changes. To investigate for a function of the form Eq. 5.7, we also
tested for a model where we replaced one of the three exponential components with
a ∆νs (DR) term as in Eq. 5.6. This response (Model B) was parameterised as:

∆ν(t) = (1 − Qp)
(
∆νg −

∑
∆νd

1 − Qp

)
+ (∆ν̇p − Qp|ν̇o|) t

+

2∑
i=1

∆νd,ie−t/τi + Qp|ν̇o| tr ln
[
e

t
tr + e

∆νg
|ν̇o |tr − 1

]
(5.9)

Both fitting functions have the same number of eight free parameters, since we
now leave the total glitch magnitude ∆νg and the relaxation timescale tr and fraction
Qp as free parameters, in the place of the amplitude and timescale of a third exponen-
tial term and the permanent term ∆νp. We implemented the Levenberg−Marquardt
method for the fitting procedure (see for example Press et al. 1992; Press et al.
2002), whose results are presented in Table 4.1. For direct comparison, we report
∆νg = ∆νp +

∑
∆ν(i)

d for Model A too, instead of ∆νp.
The rms and the χ2 value are better for Model A than for Model B for both so-

lutions presented in Table 5.1, however this difference is not significant within the
uncertainties introduced by timing noise and the chosen method to derive the fre-
quency residuals. This can be seen clearly in Fig. 5.3, where the residuals between
the two models and the observations are shown, for both Sets 1 and 2. Derivations
using frequency residuals from different ensembles of data subsets present similar
residuals and fit parameters, as long as the minimum number of TOAs and the maxi-
mum allowed timespan are varied within reasonable values.

The 2000 Vela glitch recovery analysed in this work has the best observational
coverage among the glitches reported so far, which allows for relatively small un-
certainties in the derived frequency residuals ∆ν. Even so, there are systematics that
enter such calculations, which affect the results of our fits, as reflected in the different
best-fit parameters and residuals (see Fig. 5.3) for the two frequency residual ∆ν(t)
datasets presented here2.

We tested a plethora of sets of ∆ν(t) measurements and confirmed that these dif-
ferences do not alter our conclusions, nor do they significantly affect the best-fit tim-

2Ideally, a numerical scheme that integrates Eq. 5.9 must be employed, and model-fitting should
be performed directly in the phase residuals. Since such a method would exploit all the available
information of our TOAs, it could potentially be even more constraining for theoretical glitch models.

93



5 Confronting post-glitch relaxation theory with observations of the Vela pulsar

0 20 40 60 80

-0.03

-0.02

-0.01

0

0.01

0.02

0.03
Model A
Model B

time (days from glitch epoch)

R
es
id
u
a
ls

fr
om

gl
it
ch

fi
t
(µ

H
z)

0 20 40 60 80

-0.01

-0.005

0

0.005

0.01
Model A
Model B

time (days from glitch epoch)

R
es
id
u
al
s
fr
om

g
li
tc
h
fi
t
(µ

H
z)

Figure 5.3: The post-glitch timing residuals, in µHz, according to Model A (open triangles) and Model
B (filled circles). The displayed results are from fits to two different sets of frequency residuals, with
115 frequency measurements (NTOAs

min = 80, top panel) and 56 frequency measurements (NTOAs
min = 100,

bottom panel), obtained as described in Section 5.2.
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5.4 Discussion and conclusions

ing solutions obtained (see Table 5.1). The main attributes of our best-fit models, the
separation of the recovery into three (short, intermediate and long) timescales and,
for Model B, the ratio tr/td, remain unchanged. Model B was never found to be an
improvement over Model A, which appears slightly more favoured when shorter sub-
sets of TOAs are used. Nevertheless, the relative difference in the residuals of the
two timing models is in all cases like the one shown in Fig. 5.3. Therefore, although
formally Model A describes better the derived frequency residuals, because of the
aforementioned uncertainties and the presence of timing noise, it is not possible to
exclude Model B for the given dataset. Comparably good fits for those two models
were also found in earlier analyses of other Vela pulsar glitches (Alpar et al. 1993).

One must be cautious in comparing results from different analyses, which might
have used different model-fitting methods and datasets of unequal length and TOA
densities. The best-fit solution of Table 5.1 gives a small positive change in spin-
down rate and a larger, but highly uncertain, amplitude and decay timescale for the
third exponential (Model A), compared to the results of Dodson et al. (2002). This
disparity is due mainly to the different pre-glitch ν̈0 value used in our analysis, the
negative value of which indicates that it is highly contaminated by timing noise. In
general, longer datasets than the one presented here are needed in order to robustly
infer the persistent change in spin-down rate ν̇ and any long-term exponential de-
caying terms. For example, with the dataset at hand we are not able to distinguish
between a slow exponential or linear decay in ν̇. A model where the third exponential
of Model A is replaced by a permanent change in ν̈ fits the data almost equally well3,
and gives ∆ν̇p = −1.36(3) × 10−13Hz/s, like the previously published estimate for
this parameter (Dodson et al. 2002).

It is worth noting however that the amplitudes and shorter timescales τ(1) and
τ(2) found by our analysis are well in accordance with the results of Dodson et al.
(2002), as expected. Similar relaxation timescales to Model A, of ∼ 0.5, ∼ 3 and
∼ 30 days, have been identified before and proved to describe well the recovery of 8
earlier glitches of the Vela pulsar (Alpar et al. 1993), indicating that the same stellar
regions are involved in its glitches.

5.4 Discussion and conclusions

We have extended the exponential multicomponent post-glitch recovery of Eq. 5.5
to account for the presence of a non-linear in glitch magnitude (DR) term (Eq. 5.6)
in modelling the post glitch relaxation of the largest Vela pulsar glitch. We find that

3A model where one of the exponentials of Model B is replaced by a ∆ν̈p term considerably wors-
ens the fits, but proves to be highly sensitive to the choice of starting fit parameters thus cannot be
conclusively excluded.
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it is not possible to categorically distinguish between these models in the frequency
residuals, despite the very high resolution of the available timing data for this glitch.
Nevertheless, we can gain some insights by comparison of the best-fit parameters of
our models to their physical counterparts within the framework of vortex slippage
theory asserted by Link (2014).

According to Model B, ∆νg = 35.7 µHz which, by use of Eq. 5.2, leads to a
decoupling timescale td ' 26.5 days. Even though the best-fit values for tr have
large uncertainties (see Table 5.1), we find tr & td. In this limit the DR response
signature ∆νs reduces almost to a simple exponential relaxation, as illustrated in Fig.
5.1. However, for large glitches in old, cool neutron stars, like the one examined
here, a clear DR response is predicted for the range of pinning energies discussed by
Link (2014) if most of the inner crust and outer core superfluid is pinned. This is
not supported by the observations since the condition td > tr is not fulfilled and the
presence of such a component does not appear to be favoured by the data, which are
found to be consistent with simple exponential decays.

Furthermore, if the DR response ∆νs is present, it is associated with a recovery
fraction Qp, implying a moment of inertia IDR ' 2.6%I for this pinned superfluid
region. A similar total fractional moment of inertia is inferred for the two exponen-
tially decaying components. This indicates that part of the core contributes to the
observed relaxation, since the crustal superfluid is not enough to provide the total
implied moment of inertia. According to vortex slippage theory (Equation 95 of Link
2014), strong pinning in the outer core might lead to tr of a few days, and therefore
td > tr, in contrast with our results for the DR term. We tried to look explicitly for
such a component with relatively short tr in the residuals, by setting tr and td to their
estimated values, but failed to converge to an acceptable fit. Thus if the DR com-
ponent represents the response of the core, our results imply that tr must be of the
order of 25 to 30 days, as for our best-fit results. However, since this value is suspi-
ciously close to td, in a regime where the DR term resembles an exponential decay,
sound conclusions can only be drawn if in the future the same timescale is detected
in the recovery of an even larger Vela glitch, which will have td > tr, allowing for the
delayed-recoupling response to be clearly observed.

Since td � tr for the shorter exponential timescales of ∼ 0.5 and ∼ 3.5 days
found here, if these were representative of regions with a non-linear dynamical re-
sponse, then a clear DR response should have been observed. Link (2014) argued
that the condition for the exponential-decay limit of the response of pinned regions in
neutron stars, is met only when td << tr. If so, then these two terms must represent
the response of regions where drag forces, instead of pinning, govern the motion of
vortices, perhaps in the pasta region of the inner crust or the inner core. The moment
of inertia for each such region will be Ii/I ' ∆νi/∆νg. Therefore almost ∼ 2% of the
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total moment of inertia takes part in the fast (τ ∼ 0.5hrs) recovery, and is most likely
associated with the core response, as for example in the glitch model of Haskell et al.
(2012).

If all the components that seem to recover respond through the motion of vortices
against only drag forces (Model A), then the only component that can be identified
with a region Is,p of strong pinning, thus in the DR regime, is the one responsible for
the long-lasting enhancement of the spin-down rate. Such a component has inferred
moment of inertia Is,p/I ' |∆ν̇p/ν̇0|which, for ∆ν̇p = −1.36(3)×10−13Hz/s, implying
that approximately 1% of the total moment of inertia has to remain decoupled over
very long timescales. The decoupling timescale td could be this high if there were
vortex motion in this region during the glitch, in which case td is

td =
δω(g)

|Ω̇c|
(5.10)

where δω(g) is the local change in the rotational lag. Since Is,p is the only region that
pinning of vortices dominates, it is natural to identify it with the region that drives
the glitch, which must comprise most of the crust. Angular momentum conservation
then leads to

δω(g) =
Is,p

I
∆νg (5.11)

and a decoupling timescale td ∼ 3.5 years for the 2000 glitch, approximately the
inter-glitch time interval seen in the Vela pulsar. However, this interpretation leaves
unexplained the component relaxing on a long timescale (either exponentially on a
timescale ∼ τ(3) ∼ 50−100 days or by a DR response on a timescale td +tr ∼ 50 days).
In the absence of any pinning of the core vortices, this timescale is rather long to be
explained by the response of the core under drag forces only, which is expected to
lead to fast relaxation (Alpar et al. 1984c; Alpar & Sauls 1988). Unfortunately, the
amplitude of this component cannot be robustly inferred from the dataset at hand,
preventing us from obtaining very strict constrains. Nevertheless, a total moment of
inertia for the pinned superfluid of IDR + Is,p & 3% cannot be accommodated by the
crustal superfluid alone, even in the absence of entrainment (Chamel 2013a).

In conclusion, we have tested the physical glitch model of thermally-activated
vortex slippage (Link 2014), and found that, although not favoured over a multiple-
component exponential response, it can provide an adequate description of the fre-
quency recovery following the 2000 Vela glitch. We can place constraints on pinning
properties within this model, since the estimated response of a strongly pinned su-
perfluid in the outer core is not observed. Because of the inherent difficulty in disen-
tangling a DR response in the limit tr & td (which seems to be favoured by the data)
from simple exponential decay (Fig. 5.1), timing data used for this purpose need to
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have high timing resolution, but also a sufficient extent of many months to several
years following the glitch, to resolve the long-term evolution which is attributed to
the pinned superfluid. This is only possible when this evolution is not disrupted by
a following glitch, however a global fit to a longer dataset, containing a series of
glitches, can also prove very enlightening.
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