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• Brief description of the “inward moving vortices” model
of A.Alpar.

• Discuss the temperature dependence of the internal
torque and why it is likely to explain the ν̇ behaviour.

• Possible heat sources (dissipation from vortex motion
will inevitably release energy, another possibilities are elastic
and magnetic energy).

• Why in J1119 this energy deposition might be impor-
tant and have observable consequences (as opposed to e.g.
Vela).

• Superfluid thermal response - Set up toy problem and
estimate.
We will assume some energy release, coincidental with
the glitch. The parameters for this energy input are: 1.
total energy, 2. depth where it was released, 3. size of
the region in which it was released and 4. timescale for
the injection. We are only going to consider an “instan-
taneous” release since the injection timescale is smaller
than the timescales of interest (for the ν̇ behaviour) for
most plausible mechanisms (starquake, glitch dissipation,
magnetic reconnection). A reasonable range for the total
energy released is 1040 − 1044erg (but smaller, if one
considers only the glitch dissipation). Part of this energy
is transferred to the magnetosphere on fast timescales,
and it could be responsible for the activation of the radio
emission mechanism in previously inactive magnetic field
lines, producing the observed changes in the pulse profile.
Depending on the temperature and physical properties of
the region where the energy was injected, part of it will be
quickly lost via neutrino emission, while the rest will cause
local heating, eventually (on much longer timescales) being
radiated as thermal emission from the surface. To minimise
the energy losses to neutrinos shallower layers must be
considered (outer crust or low density inner crust), on
the other hand the impact on the rotation will be greater
for energy releases close to the crust-core interface (deep
layers of the inner crust) where (depending on internal
temperature) neutrino emissivity might also be rather small
(Aguilera et al. 08, fig7).
Whether the glitch was triggered because of magnetic
stresses fracturing the crust, or the glitch precedes/trigger
this event, will not be examined here. (But can be discussed
in the context of flux-tubes-vortices interaction? Could the
sudden unpinning of vortices trigger the magnetic/elastic
event (by dragging along flux-tubes)?) In the vicinity of
the energy source, the temperature will start growing and
the size of the heated region will increase with time. If
such an event takes place in a region where vortices do
not pin (drag regime) or are only weakly pinned (creep
regime?) the contribution in the effective moment of inertia
of those regions will increase - with respect to what it would
be if their temperature remain constant. Initially, if this
region was decoupled because of the glitch, the net effect
(from this region) can still be a negative change in |ν̇|,
because the effect of a reduced lag ω will be stronger than
the effect of a slightly higher temperature. As this region
re-couples though, the relaxation will be towards the new
pseudo-equilibrium lag ωeq, which will remain smaller than
the pre-glitch one during the cooling phase.
The above qualitative argument could in principle hold also
for regions in the core. Due to its high conductivity the
core will quickly be almost isothermal, with the resulting

change in the temperature much smaller than in the crust,
but over a much bigger volume of neutron superfluid.
For simplicity we will assume that the relaxation of ν̇ due
to the glitch is completed around/before MJD 55000. The
long decaying timescale for the recovery has been estimated
as ∼ 214 days, which justifies this assumption. Therefore
we assume that the following evolution of ν̇ observed is
only due to the readjustment of the superfluid to the
temperature-dependent ωeq.
Calculations/estimates/open questions:
1. Change in mutual friction coefficient B: assuming a
simple (toy) model for the rotation of the superfluid, the
required change in B depends on depth and size of the
affected region, as well as pinning/drag properties there
(which define ωeq. Constrains on this come from the size of
∆ν̇ and the timescales.
2. Can the crust of J1119 stay warmer for the required
amount of time?
3. Is it reasonable to assume τdiff << τF1ev, so that B is
assumed to change instantaneously over the whole affected
region?
4. Cooling - timescales and ν̇ recovery timescale.

• If we conclude that the oscillations seen after the second
glitch are significant, we shall also discuss (glitch-induced,
e.g. by an “asymmetric” glitch) precession and possible rel-
evance with pulse profile changes.

4 CONCLUSIONS/DISCUSSION

With emission characteristics much closer to normal, steady
radio pulsars [cite] and timing noise levels considerably
lower than magnetars, timing studies of PSR J1119-6127
and similar high magnetic field pulsars offer the possibility
of disentangling the contribution of the magnetosphere and
the superfluid in the glitch-bursting puzzle.

While the thermal output of the above mechanisms
might be below detectable levels, the external processes
discussed above could have a significant imprint on the
X-ray emission at the glitch. For example, the energy
released if a reconnection event took place (see [ref]),
would have been easily detected by .... Unfortunately there
was no pointed observation with [....] in the years [...].

Φ(t) = Φ0 + ν (t− t0) + 1
2 ν̇ (t− t0)

ν̇ ∝ −νn

ν̇ ∼ 10−15 − 10−12 Hz/sec

n =
ν̈ν
ν̇2
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• Brief description of the “inward moving vortices” model
of A.Alpar.

• Discuss the temperature dependence of the internal
torque and why it is likely to explain the ν̇ behaviour.

• Possible heat sources (dissipation from vortex motion
will inevitably release energy, another possibilities are elastic
and magnetic energy).

• Why in J1119 this energy deposition might be impor-
tant and have observable consequences (as opposed to e.g.
Vela).

• Superfluid thermal response - Set up toy problem and
estimate.
We will assume some energy release, coincidental with
the glitch. The parameters for this energy input are: 1.
total energy, 2. depth where it was released, 3. size of
the region in which it was released and 4. timescale for
the injection. We are only going to consider an “instan-
taneous” release since the injection timescale is smaller
than the timescales of interest (for the ν̇ behaviour) for
most plausible mechanisms (starquake, glitch dissipation,
magnetic reconnection). A reasonable range for the total
energy released is 1040 − 1044erg (but smaller, if one
considers only the glitch dissipation). Part of this energy
is transferred to the magnetosphere on fast timescales,
and it could be responsible for the activation of the radio
emission mechanism in previously inactive magnetic field
lines, producing the observed changes in the pulse profile.
Depending on the temperature and physical properties of
the region where the energy was injected, part of it will be
quickly lost via neutrino emission, while the rest will cause
local heating, eventually (on much longer timescales) being
radiated as thermal emission from the surface. To minimise
the energy losses to neutrinos shallower layers must be
considered (outer crust or low density inner crust), on
the other hand the impact on the rotation will be greater
for energy releases close to the crust-core interface (deep
layers of the inner crust) where (depending on internal
temperature) neutrino emissivity might also be rather small
(Aguilera et al. 08, fig7).
Whether the glitch was triggered because of magnetic
stresses fracturing the crust, or the glitch precedes/trigger
this event, will not be examined here. (But can be discussed
in the context of flux-tubes-vortices interaction? Could the
sudden unpinning of vortices trigger the magnetic/elastic
event (by dragging along flux-tubes)?) In the vicinity of
the energy source, the temperature will start growing and
the size of the heated region will increase with time. If
such an event takes place in a region where vortices do
not pin (drag regime) or are only weakly pinned (creep
regime?) the contribution in the effective moment of inertia
of those regions will increase - with respect to what it would
be if their temperature remain constant. Initially, if this
region was decoupled because of the glitch, the net effect
(from this region) can still be a negative change in |ν̇|,
because the effect of a reduced lag ω will be stronger than
the effect of a slightly higher temperature. As this region
re-couples though, the relaxation will be towards the new
pseudo-equilibrium lag ωeq, which will remain smaller than
the pre-glitch one during the cooling phase.
The above qualitative argument could in principle hold also
for regions in the core. Due to its high conductivity the
core will quickly be almost isothermal, with the resulting

change in the temperature much smaller than in the crust,
but over a much bigger volume of neutron superfluid.
For simplicity we will assume that the relaxation of ν̇ due
to the glitch is completed around/before MJD 55000. The
long decaying timescale for the recovery has been estimated
as ∼ 214 days, which justifies this assumption. Therefore
we assume that the following evolution of ν̇ observed is
only due to the readjustment of the superfluid to the
temperature-dependent ωeq.
Calculations/estimates/open questions:
1. Change in mutual friction coefficient B: assuming a
simple (toy) model for the rotation of the superfluid, the
required change in B depends on depth and size of the
affected region, as well as pinning/drag properties there
(which define ωeq. Constrains on this come from the size of
∆ν̇ and the timescales.
2. Can the crust of J1119 stay warmer for the required
amount of time?
3. Is it reasonable to assume τdiff << τF1ev, so that B is
assumed to change instantaneously over the whole affected
region?
4. Cooling - timescales and ν̇ recovery timescale.

• If we conclude that the oscillations seen after the second
glitch are significant, we shall also discuss (glitch-induced,
e.g. by an “asymmetric” glitch) precession and possible rel-
evance with pulse profile changes.

4 CONCLUSIONS/DISCUSSION

With emission characteristics much closer to normal, steady
radio pulsars [cite] and timing noise levels considerably
lower than magnetars, timing studies of PSR J1119-6127
and similar high magnetic field pulsars offer the possibility
of disentangling the contribution of the magnetosphere and
the superfluid in the glitch-bursting puzzle.

While the thermal output of the above mechanisms
might be below detectable levels, the external processes
discussed above could have a significant imprint on the
X-ray emission at the glitch. For example, the energy
released if a reconnection event took place (see [ref]),
would have been easily detected by .... Unfortunately there
was no pointed observation with [....] in the years [...].

Φ(t) = Φ0 + ν (t− t0) + 1
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• Brief description of the “inward moving vortices” model
of A.Alpar.

• Discuss the temperature dependence of the internal
torque and why it is likely to explain the ν̇ behaviour.

• Possible heat sources (dissipation from vortex motion
will inevitably release energy, another possibilities are elastic
and magnetic energy).

• Why in J1119 this energy deposition might be impor-
tant and have observable consequences (as opposed to e.g.
Vela).

• Superfluid thermal response - Set up toy problem and
estimate.
We will assume some energy release, coincidental with
the glitch. The parameters for this energy input are: 1.
total energy, 2. depth where it was released, 3. size of
the region in which it was released and 4. timescale for
the injection. We are only going to consider an “instan-
taneous” release since the injection timescale is smaller
than the timescales of interest (for the ν̇ behaviour) for
most plausible mechanisms (starquake, glitch dissipation,
magnetic reconnection). A reasonable range for the total
energy released is 1040 − 1044erg (but smaller, if one
considers only the glitch dissipation). Part of this energy
is transferred to the magnetosphere on fast timescales,
and it could be responsible for the activation of the radio
emission mechanism in previously inactive magnetic field
lines, producing the observed changes in the pulse profile.
Depending on the temperature and physical properties of
the region where the energy was injected, part of it will be
quickly lost via neutrino emission, while the rest will cause
local heating, eventually (on much longer timescales) being
radiated as thermal emission from the surface. To minimise
the energy losses to neutrinos shallower layers must be
considered (outer crust or low density inner crust), on
the other hand the impact on the rotation will be greater
for energy releases close to the crust-core interface (deep
layers of the inner crust) where (depending on internal
temperature) neutrino emissivity might also be rather small
(Aguilera et al. 08, fig7).
Whether the glitch was triggered because of magnetic
stresses fracturing the crust, or the glitch precedes/trigger
this event, will not be examined here. (But can be discussed
in the context of flux-tubes-vortices interaction? Could the
sudden unpinning of vortices trigger the magnetic/elastic
event (by dragging along flux-tubes)?) In the vicinity of
the energy source, the temperature will start growing and
the size of the heated region will increase with time. If
such an event takes place in a region where vortices do
not pin (drag regime) or are only weakly pinned (creep
regime?) the contribution in the effective moment of inertia
of those regions will increase - with respect to what it would
be if their temperature remain constant. Initially, if this
region was decoupled because of the glitch, the net effect
(from this region) can still be a negative change in |ν̇|,
because the effect of a reduced lag ω will be stronger than
the effect of a slightly higher temperature. As this region
re-couples though, the relaxation will be towards the new
pseudo-equilibrium lag ωeq, which will remain smaller than
the pre-glitch one during the cooling phase.
The above qualitative argument could in principle hold also
for regions in the core. Due to its high conductivity the
core will quickly be almost isothermal, with the resulting

change in the temperature much smaller than in the crust,
but over a much bigger volume of neutron superfluid.
For simplicity we will assume that the relaxation of ν̇ due
to the glitch is completed around/before MJD 55000. The
long decaying timescale for the recovery has been estimated
as ∼ 214 days, which justifies this assumption. Therefore
we assume that the following evolution of ν̇ observed is
only due to the readjustment of the superfluid to the
temperature-dependent ωeq.
Calculations/estimates/open questions:
1. Change in mutual friction coefficient B: assuming a
simple (toy) model for the rotation of the superfluid, the
required change in B depends on depth and size of the
affected region, as well as pinning/drag properties there
(which define ωeq. Constrains on this come from the size of
∆ν̇ and the timescales.
2. Can the crust of J1119 stay warmer for the required
amount of time?
3. Is it reasonable to assume τdiff << τF1ev, so that B is
assumed to change instantaneously over the whole affected
region?
4. Cooling - timescales and ν̇ recovery timescale.

• If we conclude that the oscillations seen after the second
glitch are significant, we shall also discuss (glitch-induced,
e.g. by an “asymmetric” glitch) precession and possible rel-
evance with pulse profile changes.

4 CONCLUSIONS/DISCUSSION

With emission characteristics much closer to normal, steady
radio pulsars [cite] and timing noise levels considerably
lower than magnetars, timing studies of PSR J1119-6127
and similar high magnetic field pulsars offer the possibility
of disentangling the contribution of the magnetosphere and
the superfluid in the glitch-bursting puzzle.

While the thermal output of the above mechanisms
might be below detectable levels, the external processes
discussed above could have a significant imprint on the
X-ray emission at the glitch. For example, the energy
released if a reconnection event took place (see [ref]),
would have been easily detected by .... Unfortunately there
was no pointed observation with [....] in the years [...].

Φ(t) = Φ0 + ν (t− t0) + 1
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• Brief description of the “inward moving vortices” model
of A.Alpar.

• Discuss the temperature dependence of the internal
torque and why it is likely to explain the ν̇ behaviour.

• Possible heat sources (dissipation from vortex motion
will inevitably release energy, another possibilities are elastic
and magnetic energy).

• Why in J1119 this energy deposition might be impor-
tant and have observable consequences (as opposed to e.g.
Vela).

• Superfluid thermal response - Set up toy problem and
estimate.
We will assume some energy release, coincidental with
the glitch. The parameters for this energy input are: 1.
total energy, 2. depth where it was released, 3. size of
the region in which it was released and 4. timescale for
the injection. We are only going to consider an “instan-
taneous” release since the injection timescale is smaller
than the timescales of interest (for the ν̇ behaviour) for
most plausible mechanisms (starquake, glitch dissipation,
magnetic reconnection). A reasonable range for the total
energy released is 1040 − 1044erg (but smaller, if one
considers only the glitch dissipation). Part of this energy
is transferred to the magnetosphere on fast timescales,
and it could be responsible for the activation of the radio
emission mechanism in previously inactive magnetic field
lines, producing the observed changes in the pulse profile.
Depending on the temperature and physical properties of
the region where the energy was injected, part of it will be
quickly lost via neutrino emission, while the rest will cause
local heating, eventually (on much longer timescales) being
radiated as thermal emission from the surface. To minimise
the energy losses to neutrinos shallower layers must be
considered (outer crust or low density inner crust), on
the other hand the impact on the rotation will be greater
for energy releases close to the crust-core interface (deep
layers of the inner crust) where (depending on internal
temperature) neutrino emissivity might also be rather small
(Aguilera et al. 08, fig7).
Whether the glitch was triggered because of magnetic
stresses fracturing the crust, or the glitch precedes/trigger
this event, will not be examined here. (But can be discussed
in the context of flux-tubes-vortices interaction? Could the
sudden unpinning of vortices trigger the magnetic/elastic
event (by dragging along flux-tubes)?) In the vicinity of
the energy source, the temperature will start growing and
the size of the heated region will increase with time. If
such an event takes place in a region where vortices do
not pin (drag regime) or are only weakly pinned (creep
regime?) the contribution in the effective moment of inertia
of those regions will increase - with respect to what it would
be if their temperature remain constant. Initially, if this
region was decoupled because of the glitch, the net effect
(from this region) can still be a negative change in |ν̇|,
because the effect of a reduced lag ω will be stronger than
the effect of a slightly higher temperature. As this region
re-couples though, the relaxation will be towards the new
pseudo-equilibrium lag ωeq, which will remain smaller than
the pre-glitch one during the cooling phase.
The above qualitative argument could in principle hold also
for regions in the core. Due to its high conductivity the
core will quickly be almost isothermal, with the resulting

change in the temperature much smaller than in the crust,
but over a much bigger volume of neutron superfluid.
For simplicity we will assume that the relaxation of ν̇ due
to the glitch is completed around/before MJD 55000. The
long decaying timescale for the recovery has been estimated
as ∼ 214 days, which justifies this assumption. Therefore
we assume that the following evolution of ν̇ observed is
only due to the readjustment of the superfluid to the
temperature-dependent ωeq.
Calculations/estimates/open questions:
1. Change in mutual friction coefficient B: assuming a
simple (toy) model for the rotation of the superfluid, the
required change in B depends on depth and size of the
affected region, as well as pinning/drag properties there
(which define ωeq. Constrains on this come from the size of
∆ν̇ and the timescales.
2. Can the crust of J1119 stay warmer for the required
amount of time?
3. Is it reasonable to assume τdiff << τF1ev, so that B is
assumed to change instantaneously over the whole affected
region?
4. Cooling - timescales and ν̇ recovery timescale.

• If we conclude that the oscillations seen after the second
glitch are significant, we shall also discuss (glitch-induced,
e.g. by an “asymmetric” glitch) precession and possible rel-
evance with pulse profile changes.

4 CONCLUSIONS/DISCUSSION

With emission characteristics much closer to normal, steady
radio pulsars [cite] and timing noise levels considerably
lower than magnetars, timing studies of PSR J1119-6127
and similar high magnetic field pulsars offer the possibility
of disentangling the contribution of the magnetosphere and
the superfluid in the glitch-bursting puzzle.

While the thermal output of the above mechanisms
might be below detectable levels, the external processes
discussed above could have a significant imprint on the
X-ray emission at the glitch. For example, the energy
released if a reconnection event took place (see [ref]),
would have been easily detected by .... Unfortunately there
was no pointed observation with [....] in the years [...].
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is transferred to the magnetosphere on fast timescales,
and it could be responsible for the activation of the radio
emission mechanism in previously inactive magnetic field
lines, producing the observed changes in the pulse profile.
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because the effect of a reduced lag ω will be stronger than
the effect of a slightly higher temperature. As this region
re-couples though, the relaxation will be towards the new
pseudo-equilibrium lag ωeq, which will remain smaller than
the pre-glitch one during the cooling phase.
The above qualitative argument could in principle hold also
for regions in the core. Due to its high conductivity the
core will quickly be almost isothermal, with the resulting

change in the temperature much smaller than in the crust,
but over a much bigger volume of neutron superfluid.
For simplicity we will assume that the relaxation of ν̇ due
to the glitch is completed around/before MJD 55000. The
long decaying timescale for the recovery has been estimated
as ∼ 214 days, which justifies this assumption. Therefore
we assume that the following evolution of ν̇ observed is
only due to the readjustment of the superfluid to the
temperature-dependent ωeq.
Calculations/estimates/open questions:
1. Change in mutual friction coefficient B: assuming a
simple (toy) model for the rotation of the superfluid, the
required change in B depends on depth and size of the
affected region, as well as pinning/drag properties there
(which define ωeq. Constrains on this come from the size of
∆ν̇ and the timescales.
2. Can the crust of J1119 stay warmer for the required
amount of time?
3. Is it reasonable to assume τdiff << τF1ev, so that B is
assumed to change instantaneously over the whole affected
region?
4. Cooling - timescales and ν̇ recovery timescale.

• If we conclude that the oscillations seen after the second
glitch are significant, we shall also discuss (glitch-induced,
e.g. by an “asymmetric” glitch) precession and possible rel-
evance with pulse profile changes.

4 CONCLUSIONS/DISCUSSION

With emission characteristics much closer to normal, steady
radio pulsars [cite] and timing noise levels considerably
lower than magnetars, timing studies of PSR J1119-6127
and similar high magnetic field pulsars offer the possibility
of disentangling the contribution of the magnetosphere and
the superfluid in the glitch-bursting puzzle.

While the thermal output of the above mechanisms
might be below detectable levels, the external processes
discussed above could have a significant imprint on the
X-ray emission at the glitch. For example, the energy
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•   Pulse’s time of arrival  (ToA)
•   Timing model (simple spin-down):       

•   Timing residuals: Predicted - Observed ToAs
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torque and why it is likely to explain the ν̇ behaviour.

• Possible heat sources (dissipation from vortex motion
will inevitably release energy, another possibilities are elastic
and magnetic energy).

• Why in J1119 this energy deposition might be impor-
tant and have observable consequences (as opposed to e.g.
Vela).

• Superfluid thermal response - Set up toy problem and
estimate.
We will assume some energy release, coincidental with
the glitch. The parameters for this energy input are: 1.
total energy, 2. depth where it was released, 3. size of
the region in which it was released and 4. timescale for
the injection. We are only going to consider an “instan-
taneous” release since the injection timescale is smaller
than the timescales of interest (for the ν̇ behaviour) for
most plausible mechanisms (starquake, glitch dissipation,
magnetic reconnection). A reasonable range for the total
energy released is 1040 − 1044erg (but smaller, if one
considers only the glitch dissipation). Part of this energy
is transferred to the magnetosphere on fast timescales,
and it could be responsible for the activation of the radio
emission mechanism in previously inactive magnetic field
lines, producing the observed changes in the pulse profile.
Depending on the temperature and physical properties of
the region where the energy was injected, part of it will be
quickly lost via neutrino emission, while the rest will cause
local heating, eventually (on much longer timescales) being
radiated as thermal emission from the surface. To minimise
the energy losses to neutrinos shallower layers must be
considered (outer crust or low density inner crust), on
the other hand the impact on the rotation will be greater
for energy releases close to the crust-core interface (deep
layers of the inner crust) where (depending on internal
temperature) neutrino emissivity might also be rather small
(Aguilera et al. 08, fig7).
Whether the glitch was triggered because of magnetic
stresses fracturing the crust, or the glitch precedes/trigger
this event, will not be examined here. (But can be discussed
in the context of flux-tubes-vortices interaction? Could the
sudden unpinning of vortices trigger the magnetic/elastic
event (by dragging along flux-tubes)?) In the vicinity of
the energy source, the temperature will start growing and
the size of the heated region will increase with time. If
such an event takes place in a region where vortices do
not pin (drag regime) or are only weakly pinned (creep
regime?) the contribution in the effective moment of inertia
of those regions will increase - with respect to what it would
be if their temperature remain constant. Initially, if this
region was decoupled because of the glitch, the net effect
(from this region) can still be a negative change in |ν̇|,
because the effect of a reduced lag ω will be stronger than
the effect of a slightly higher temperature. As this region
re-couples though, the relaxation will be towards the new
pseudo-equilibrium lag ωeq, which will remain smaller than
the pre-glitch one during the cooling phase.
The above qualitative argument could in principle hold also
for regions in the core. Due to its high conductivity the
core will quickly be almost isothermal, with the resulting

change in the temperature much smaller than in the crust,
but over a much bigger volume of neutron superfluid.
For simplicity we will assume that the relaxation of ν̇ due
to the glitch is completed around/before MJD 55000. The
long decaying timescale for the recovery has been estimated
as ∼ 214 days, which justifies this assumption. Therefore
we assume that the following evolution of ν̇ observed is
only due to the readjustment of the superfluid to the
temperature-dependent ωeq.
Calculations/estimates/open questions:
1. Change in mutual friction coefficient B: assuming a
simple (toy) model for the rotation of the superfluid, the
required change in B depends on depth and size of the
affected region, as well as pinning/drag properties there
(which define ωeq. Constrains on this come from the size of
∆ν̇ and the timescales.
2. Can the crust of J1119 stay warmer for the required
amount of time?
3. Is it reasonable to assume τdiff << τF1ev, so that B is
assumed to change instantaneously over the whole affected
region?
4. Cooling - timescales and ν̇ recovery timescale.

• If we conclude that the oscillations seen after the second
glitch are significant, we shall also discuss (glitch-induced,
e.g. by an “asymmetric” glitch) precession and possible rel-
evance with pulse profile changes.

4 CONCLUSIONS/DISCUSSION

With emission characteristics much closer to normal, steady
radio pulsars [cite] and timing noise levels considerably
lower than magnetars, timing studies of PSR J1119-6127
and similar high magnetic field pulsars offer the possibility
of disentangling the contribution of the magnetosphere and
the superfluid in the glitch-bursting puzzle.

While the thermal output of the above mechanisms
might be below detectable levels, the external processes
discussed above could have a significant imprint on the
X-ray emission at the glitch. For example, the energy
released if a reconnection event took place (see [ref]),
would have been easily detected by .... Unfortunately there
was no pointed observation with [....] in the years [...].

Φ(t) = Φ0 + ν (t− t0) + 1
2 ν̇ (t− t0)
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4 Principles and Applications of Pulsar Timing

Pulsars are excellent celestial clocks. The period of the first pulsar [141] was found to be stable to
one part in 107 over a few months. Following the discovery of the millisecond pulsar B1937+21 [18]
it was demonstrated that its period could be measured to one part in 1013 or better [94]. This un-
rivaled stability leads to a host of applications including uses as time keepers, probes of relativistic
gravity and natural gravitational wave detectors.

4.1 Observing basics

Each pulsar is typically observed at least once or twice per month over the course of a year
to establish its basic properties. Figure 20 summarises the essential steps involved in a “time-of-
arrival” (TOA) measurement. Pulses from the neutron star traverse the interstellar medium before
being received at the radio telescope where they are dedispersed and added to form a mean pulse
profile.

Receiver

Mean Pulse Profile

TOA
Reference clock

Neutron star
Radio beam

Rotation axis

Telescope

De-dispersion &
On-line folding

Figure 20: Schematic showing the main stages involved in pulsar timing observations.

During the observation, the data regularly receive a time stamp, usually based on a caesium
time standard or hydrogen maser at the observatory plus a signal from the Global Positioning
System of satellites (GPS; see [93]). The TOA is defined as the arrival time of some fiducial point
on the integrated profile with respect to either the start or the midpoint of the observation. Since
the profile has a stable form at any given observing frequency (see Section 2.3), the TOA can
be accurately determined by cross-correlation of the observed profile with a high S/N “template”
profile obtained from the addition of many observations at the particular observing frequency.

Successful pulsar timing requires optimal TOA precision which largely depends on the signal-
to-noise ratio (S/N) of the pulse profile. Since the TOA uncertainty ✏TOA is roughly the pulse
width divided by the S/N, using Equation (3) we may write the fractional error as

✏TOA

P
'
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K Jy�1

◆�1 ✓
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◆�1/2 ✓
tint

s

◆�1/2 ✓
W

P

◆3/2

. (8)

Here, Spsr is the flux density of the pulsar, Trec and Tsky are the receiver and sky noise temperatures,
G is the antenna gain, �⌫ is the observing bandwidth, tint is the integration time, W is the pulse
width and P is the pulse period (we assume W ⌧ P ). Optimal results are thus obtained for
observations of short period pulsars with large flux densities and small duty cycles (i.e. small
W/P ) using large telescopes with low-noise receivers and large observing bandwidths.

One of the main problems of employing large bandwidths is pulse dispersion. As discussed
in Section 2.4, pulses emitted at lower radio frequencies travel slower and arrive later than those
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• Brief description of the “inward moving vortices” model
of A.Alpar.

• Discuss the temperature dependence of the internal
torque and why it is likely to explain the ν̇ behaviour.

• Possible heat sources (dissipation from vortex motion
will inevitably release energy, another possibilities are elastic
and magnetic energy).

• Why in J1119 this energy deposition might be impor-
tant and have observable consequences (as opposed to e.g.
Vela).

• Superfluid thermal response - Set up toy problem and
estimate.
We will assume some energy release, coincidental with
the glitch. The parameters for this energy input are: 1.
total energy, 2. depth where it was released, 3. size of
the region in which it was released and 4. timescale for
the injection. We are only going to consider an “instan-
taneous” release since the injection timescale is smaller
than the timescales of interest (for the ν̇ behaviour) for
most plausible mechanisms (starquake, glitch dissipation,
magnetic reconnection). A reasonable range for the total
energy released is 1040 − 1044erg (but smaller, if one
considers only the glitch dissipation). Part of this energy
is transferred to the magnetosphere on fast timescales,
and it could be responsible for the activation of the radio
emission mechanism in previously inactive magnetic field
lines, producing the observed changes in the pulse profile.
Depending on the temperature and physical properties of
the region where the energy was injected, part of it will be
quickly lost via neutrino emission, while the rest will cause
local heating, eventually (on much longer timescales) being
radiated as thermal emission from the surface. To minimise
the energy losses to neutrinos shallower layers must be
considered (outer crust or low density inner crust), on
the other hand the impact on the rotation will be greater
for energy releases close to the crust-core interface (deep
layers of the inner crust) where (depending on internal
temperature) neutrino emissivity might also be rather small
(Aguilera et al. 08, fig7).
Whether the glitch was triggered because of magnetic
stresses fracturing the crust, or the glitch precedes/trigger
this event, will not be examined here. (But can be discussed
in the context of flux-tubes-vortices interaction? Could the
sudden unpinning of vortices trigger the magnetic/elastic
event (by dragging along flux-tubes)?) In the vicinity of
the energy source, the temperature will start growing and
the size of the heated region will increase with time. If
such an event takes place in a region where vortices do
not pin (drag regime) or are only weakly pinned (creep
regime?) the contribution in the effective moment of inertia
of those regions will increase - with respect to what it would
be if their temperature remain constant. Initially, if this
region was decoupled because of the glitch, the net effect
(from this region) can still be a negative change in |ν̇|,
because the effect of a reduced lag ω will be stronger than
the effect of a slightly higher temperature. As this region
re-couples though, the relaxation will be towards the new
pseudo-equilibrium lag ωeq, which will remain smaller than
the pre-glitch one during the cooling phase.
The above qualitative argument could in principle hold also
for regions in the core. Due to its high conductivity the
core will quickly be almost isothermal, with the resulting

change in the temperature much smaller than in the crust,
but over a much bigger volume of neutron superfluid.
For simplicity we will assume that the relaxation of ν̇ due
to the glitch is completed around/before MJD 55000. The
long decaying timescale for the recovery has been estimated
as ∼ 214 days, which justifies this assumption. Therefore
we assume that the following evolution of ν̇ observed is
only due to the readjustment of the superfluid to the
temperature-dependent ωeq.
Calculations/estimates/open questions:
1. Change in mutual friction coefficient B: assuming a
simple (toy) model for the rotation of the superfluid, the
required change in B depends on depth and size of the
affected region, as well as pinning/drag properties there
(which define ωeq. Constrains on this come from the size of
∆ν̇ and the timescales.
2. Can the crust of J1119 stay warmer for the required
amount of time?
3. Is it reasonable to assume τdiff << τF1ev, so that B is
assumed to change instantaneously over the whole affected
region?
4. Cooling - timescales and ν̇ recovery timescale.

• If we conclude that the oscillations seen after the second
glitch are significant, we shall also discuss (glitch-induced,
e.g. by an “asymmetric” glitch) precession and possible rel-
evance with pulse profile changes.

4 CONCLUSIONS/DISCUSSION

With emission characteristics much closer to normal, steady
radio pulsars [cite] and timing noise levels considerably
lower than magnetars, timing studies of PSR J1119-6127
and similar high magnetic field pulsars offer the possibility
of disentangling the contribution of the magnetosphere and
the superfluid in the glitch-bursting puzzle.

While the thermal output of the above mechanisms
might be below detectable levels, the external processes
discussed above could have a significant imprint on the
X-ray emission at the glitch. For example, the energy
released if a reconnection event took place (see [ref]),
would have been easily detected by .... Unfortunately there
was no pointed observation with [....] in the years [...].

Φ(t) = Φ0 + ν (t− t0) + 1
2 ν̇ (t− t0)

ν̇ ∝ −νn

ν̇ ∼ 10−15 − 10−12 Hz/sec

n =
ν̈ν
ν̇2

Bd ≃ 3.2× 1019(PṖ )12 G

τsd = P/2Ṗ
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• Possible heat sources (dissipation from vortex motion
will inevitably release energy, another possibilities are elastic
and magnetic energy).

• Why in J1119 this energy deposition might be impor-
tant and have observable consequences (as opposed to e.g.
Vela).

• Superfluid thermal response - Set up toy problem and
estimate.
We will assume some energy release, coincidental with
the glitch. The parameters for this energy input are: 1.
total energy, 2. depth where it was released, 3. size of
the region in which it was released and 4. timescale for
the injection. We are only going to consider an “instan-
taneous” release since the injection timescale is smaller
than the timescales of interest (for the ν̇ behaviour) for
most plausible mechanisms (starquake, glitch dissipation,
magnetic reconnection). A reasonable range for the total
energy released is 1040 − 1044erg (but smaller, if one
considers only the glitch dissipation). Part of this energy
is transferred to the magnetosphere on fast timescales,
and it could be responsible for the activation of the radio
emission mechanism in previously inactive magnetic field
lines, producing the observed changes in the pulse profile.
Depending on the temperature and physical properties of
the region where the energy was injected, part of it will be
quickly lost via neutrino emission, while the rest will cause
local heating, eventually (on much longer timescales) being
radiated as thermal emission from the surface. To minimise
the energy losses to neutrinos shallower layers must be
considered (outer crust or low density inner crust), on
the other hand the impact on the rotation will be greater
for energy releases close to the crust-core interface (deep
layers of the inner crust) where (depending on internal
temperature) neutrino emissivity might also be rather small
(Aguilera et al. 08, fig7).
Whether the glitch was triggered because of magnetic
stresses fracturing the crust, or the glitch precedes/trigger
this event, will not be examined here. (But can be discussed
in the context of flux-tubes-vortices interaction? Could the
sudden unpinning of vortices trigger the magnetic/elastic
event (by dragging along flux-tubes)?) In the vicinity of
the energy source, the temperature will start growing and
the size of the heated region will increase with time. If
such an event takes place in a region where vortices do
not pin (drag regime) or are only weakly pinned (creep
regime?) the contribution in the effective moment of inertia
of those regions will increase - with respect to what it would
be if their temperature remain constant. Initially, if this
region was decoupled because of the glitch, the net effect
(from this region) can still be a negative change in |ν̇|,
because the effect of a reduced lag ω will be stronger than
the effect of a slightly higher temperature. As this region
re-couples though, the relaxation will be towards the new
pseudo-equilibrium lag ωeq, which will remain smaller than
the pre-glitch one during the cooling phase.
The above qualitative argument could in principle hold also
for regions in the core. Due to its high conductivity the
core will quickly be almost isothermal, with the resulting
change in the temperature much smaller than in the crust,
but over a much bigger volume of neutron superfluid.
For simplicity we will assume that the relaxation of ν̇ due
to the glitch is completed around/before MJD 55000. The

long decaying timescale for the recovery has been estimated
as ∼ 214 days, which justifies this assumption. Therefore
we assume that the following evolution of ν̇ observed is
only due to the readjustment of the superfluid to the
temperature-dependent ωeq.
Calculations/estimates/open questions:
1. Change in mutual friction coefficient B: assuming a
simple (toy) model for the rotation of the superfluid, the
required change in B depends on depth and size of the
affected region, as well as pinning/drag properties there
(which define ωeq. Constrains on this come from the size of
∆ν̇ and the timescales.
2. Can the crust of J1119 stay warmer for the required
amount of time?
3. Is it reasonable to assume τdiff << τF1ev, so that B is
assumed to change instantaneously over the whole affected
region?
4. Cooling - timescales and ν̇ recovery timescale.

• If we conclude that the oscillations seen after the second
glitch are significant, we shall also discuss (glitch-induced,
e.g. by an “asymmetric” glitch) precession and possible rel-
evance with pulse profile changes.

4 CONCLUSIONS/DISCUSSION

With emission characteristics much closer to normal, steady
radio pulsars [cite] and timing noise levels considerably
lower than magnetars, timing studies of PSR J1119-6127
and similar high magnetic field pulsars offer the possibility
of disentangling the contribution of the magnetosphere and
the superfluid in the glitch-bursting puzzle.

While the thermal output of the above mechanisms
might be below detectable levels, the external processes
discussed above could have a significant imprint on the
X-ray emission at the glitch. For example, the energy
released if a reconnection event took place (see [ref]),
would have been easily detected by .... Unfortunately there
was no pointed observation with [....] in the years [...].

Φ(t) = Φ0 + ν (t− t0) + 1
2 ν̇ (t− t0)

ν̇ ∝ −νn

ν̇ ∼ 10−15 − 10−12 Hz/sec

10−3 ! ∆ν ! 100µHz

Bd ≃ 3.2× 1019(PṖ )1/2 G

∆ν̇ < 0
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• Brief description of the “inward moving vortices” model
of A.Alpar.

• Discuss the temperature dependence of the internal
torque and why it is likely to explain the ν̇ behaviour.

• Possible heat sources (dissipation from vortex motion
will inevitably release energy, another possibilities are elastic
and magnetic energy).

• Why in J1119 this energy deposition might be impor-
tant and have observable consequences (as opposed to e.g.
Vela).

• Superfluid thermal response - Set up toy problem and
estimate.
We will assume some energy release, coincidental with
the glitch. The parameters for this energy input are: 1.
total energy, 2. depth where it was released, 3. size of
the region in which it was released and 4. timescale for
the injection. We are only going to consider an “instan-
taneous” release since the injection timescale is smaller
than the timescales of interest (for the ν̇ behaviour) for
most plausible mechanisms (starquake, glitch dissipation,
magnetic reconnection). A reasonable range for the total
energy released is 1040 − 1044erg (but smaller, if one
considers only the glitch dissipation). Part of this energy
is transferred to the magnetosphere on fast timescales,
and it could be responsible for the activation of the radio
emission mechanism in previously inactive magnetic field
lines, producing the observed changes in the pulse profile.
Depending on the temperature and physical properties of
the region where the energy was injected, part of it will be
quickly lost via neutrino emission, while the rest will cause
local heating, eventually (on much longer timescales) being
radiated as thermal emission from the surface. To minimise
the energy losses to neutrinos shallower layers must be
considered (outer crust or low density inner crust), on
the other hand the impact on the rotation will be greater
for energy releases close to the crust-core interface (deep
layers of the inner crust) where (depending on internal
temperature) neutrino emissivity might also be rather small
(Aguilera et al. 08, fig7).
Whether the glitch was triggered because of magnetic
stresses fracturing the crust, or the glitch precedes/trigger
this event, will not be examined here. (But can be discussed
in the context of flux-tubes-vortices interaction? Could the
sudden unpinning of vortices trigger the magnetic/elastic
event (by dragging along flux-tubes)?) In the vicinity of
the energy source, the temperature will start growing and
the size of the heated region will increase with time. If
such an event takes place in a region where vortices do
not pin (drag regime) or are only weakly pinned (creep
regime?) the contribution in the effective moment of inertia
of those regions will increase - with respect to what it would
be if their temperature remain constant. Initially, if this
region was decoupled because of the glitch, the net effect
(from this region) can still be a negative change in |ν̇|,
because the effect of a reduced lag ω will be stronger than
the effect of a slightly higher temperature. As this region
re-couples though, the relaxation will be towards the new
pseudo-equilibrium lag ωeq, which will remain smaller than
the pre-glitch one during the cooling phase.
The above qualitative argument could in principle hold also
for regions in the core. Due to its high conductivity the
core will quickly be almost isothermal, with the resulting

change in the temperature much smaller than in the crust,
but over a much bigger volume of neutron superfluid.
For simplicity we will assume that the relaxation of ν̇ due
to the glitch is completed around/before MJD 55000. The
long decaying timescale for the recovery has been estimated
as ∼ 214 days, which justifies this assumption. Therefore
we assume that the following evolution of ν̇ observed is
only due to the readjustment of the superfluid to the
temperature-dependent ωeq.
Calculations/estimates/open questions:
1. Change in mutual friction coefficient B: assuming a
simple (toy) model for the rotation of the superfluid, the
required change in B depends on depth and size of the
affected region, as well as pinning/drag properties there
(which define ωeq. Constrains on this come from the size of
∆ν̇ and the timescales.
2. Can the crust of J1119 stay warmer for the required
amount of time?
3. Is it reasonable to assume τdiff << τF1ev, so that B is
assumed to change instantaneously over the whole affected
region?
4. Cooling - timescales and ν̇ recovery timescale.

• If we conclude that the oscillations seen after the second
glitch are significant, we shall also discuss (glitch-induced,
e.g. by an “asymmetric” glitch) precession and possible rel-
evance with pulse profile changes.

4 CONCLUSIONS/DISCUSSION

With emission characteristics much closer to normal, steady
radio pulsars [cite] and timing noise levels considerably
lower than magnetars, timing studies of PSR J1119-6127
and similar high magnetic field pulsars offer the possibility
of disentangling the contribution of the magnetosphere and
the superfluid in the glitch-bursting puzzle.

While the thermal output of the above mechanisms
might be below detectable levels, the external processes
discussed above could have a significant imprint on the
X-ray emission at the glitch. For example, the energy
released if a reconnection event took place (see [ref]),
would have been easily detected by .... Unfortunately there
was no pointed observation with [....] in the years [...].

Φ(t) = Φ0 + ν (t− t0) + 1
2 ν̇ (t− t0)

ν̇ ∝ −νn

ν̇ ∼ 10−15 − 10−12 Hz/sec

10−3 ! ∆ν ! 100µHz

Bd ≃ 3.2× 1019(PṖ )12 G

∆ν̇ < 0
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• Brief description of the “inward moving vortices” model
of A.Alpar.

• Discuss the temperature dependence of the internal
torque and why it is likely to explain the ν̇ behaviour.

• Possible heat sources (dissipation from vortex motion
will inevitably release energy, another possibilities are elastic
and magnetic energy).

• Why in J1119 this energy deposition might be impor-
tant and have observable consequences (as opposed to e.g.
Vela).

• Superfluid thermal response - Set up toy problem and
estimate.
We will assume some energy release, coincidental with
the glitch. The parameters for this energy input are: 1.
total energy, 2. depth where it was released, 3. size of
the region in which it was released and 4. timescale for
the injection. We are only going to consider an “instan-
taneous” release since the injection timescale is smaller
than the timescales of interest (for the ν̇ behaviour) for
most plausible mechanisms (starquake, glitch dissipation,
magnetic reconnection). A reasonable range for the total
energy released is 1040 − 1044erg (but smaller, if one
considers only the glitch dissipation). Part of this energy
is transferred to the magnetosphere on fast timescales,
and it could be responsible for the activation of the radio
emission mechanism in previously inactive magnetic field
lines, producing the observed changes in the pulse profile.
Depending on the temperature and physical properties of
the region where the energy was injected, part of it will be
quickly lost via neutrino emission, while the rest will cause
local heating, eventually (on much longer timescales) being
radiated as thermal emission from the surface. To minimise
the energy losses to neutrinos shallower layers must be
considered (outer crust or low density inner crust), on
the other hand the impact on the rotation will be greater
for energy releases close to the crust-core interface (deep
layers of the inner crust) where (depending on internal
temperature) neutrino emissivity might also be rather small
(Aguilera et al. 08, fig7).
Whether the glitch was triggered because of magnetic
stresses fracturing the crust, or the glitch precedes/trigger
this event, will not be examined here. (But can be discussed
in the context of flux-tubes-vortices interaction? Could the
sudden unpinning of vortices trigger the magnetic/elastic
event (by dragging along flux-tubes)?) In the vicinity of
the energy source, the temperature will start growing and
the size of the heated region will increase with time. If
such an event takes place in a region where vortices do
not pin (drag regime) or are only weakly pinned (creep
regime?) the contribution in the effective moment of inertia
of those regions will increase - with respect to what it would
be if their temperature remain constant. Initially, if this
region was decoupled because of the glitch, the net effect
(from this region) can still be a negative change in |ν̇|,
because the effect of a reduced lag ω will be stronger than
the effect of a slightly higher temperature. As this region
re-couples though, the relaxation will be towards the new
pseudo-equilibrium lag ωeq, which will remain smaller than
the pre-glitch one during the cooling phase.
The above qualitative argument could in principle hold also
for regions in the core. Due to its high conductivity the
core will quickly be almost isothermal, with the resulting

change in the temperature much smaller than in the crust,
but over a much bigger volume of neutron superfluid.
For simplicity we will assume that the relaxation of ν̇ due
to the glitch is completed around/before MJD 55000. The
long decaying timescale for the recovery has been estimated
as ∼ 214 days, which justifies this assumption. Therefore
we assume that the following evolution of ν̇ observed is
only due to the readjustment of the superfluid to the
temperature-dependent ωeq.
Calculations/estimates/open questions:
1. Change in mutual friction coefficient B: assuming a
simple (toy) model for the rotation of the superfluid, the
required change in B depends on depth and size of the
affected region, as well as pinning/drag properties there
(which define ωeq. Constrains on this come from the size of
∆ν̇ and the timescales.
2. Can the crust of J1119 stay warmer for the required
amount of time?
3. Is it reasonable to assume τdiff << τF1ev, so that B is
assumed to change instantaneously over the whole affected
region?
4. Cooling - timescales and ν̇ recovery timescale.

• If we conclude that the oscillations seen after the second
glitch are significant, we shall also discuss (glitch-induced,
e.g. by an “asymmetric” glitch) precession and possible rel-
evance with pulse profile changes.

4 CONCLUSIONS/DISCUSSION

With emission characteristics much closer to normal, steady
radio pulsars [cite] and timing noise levels considerably
lower than magnetars, timing studies of PSR J1119-6127
and similar high magnetic field pulsars offer the possibility
of disentangling the contribution of the magnetosphere and
the superfluid in the glitch-bursting puzzle.

While the thermal output of the above mechanisms
might be below detectable levels, the external processes
discussed above could have a significant imprint on the
X-ray emission at the glitch. For example, the energy
released if a reconnection event took place (see [ref]),
would have been easily detected by .... Unfortunately there
was no pointed observation with [....] in the years [...].

Φ(t) = Φ0 + ν (t− t0) + 1
2 ν̇ (t− t0)

ν̇ ∝ −νn

ν̇ ∼ 10−15 − 10−12 Hz/sec

10−3 ! ∆ν ! 100µHz

Bd ≃ 3.2× 1019(PṖ )12 G

∆ν̇ < 0
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Figure 1. A glitch in the data of PSR B0531+21, the Crab pul-
sar. It occurred around MJD 53067 and had a fractional frequency
jump of ��/� = 5.33± 0.05� 10�9; a small glitch. (a) The tim-
ing residuals relative to a slowdown model with two frequency
derivatives when fitting data only up to the glitch date. (b) Tim-
ing residuals after fitting all data in the plot; note that the glitch
feature is still visible. Both these panels have the same scale, cov-
ering 500ms. (c) Frequency residuals, obtained by subtracting the
main slope given by an average �̇. (d) The behaviour of �̇ through
the glitch.

Most glitches are followed by an increase in the spin-
down rate |�̇|, which may subsequently recover towards pre-
glitch values. Panel (d) of Fig. 1 shows the evolution of
�̇ through a glitch. Large glitches and their recoveries are
easily visualised in a �̇-plot. Recoveries can sometimes be
modelled using an exponential function with a typical time
constant of ⌅ 100 days, plus a longer time-scale term, which
can either be represented by a second exponential with a
larger time constant (⌅ 1, 000 days) or by a simple linear
decay of |�̇| (Shemar & Lyne 1996). The step in frequency
derivative at a glitch is expressed as the fractional quantity
��̇/�̇ and detected values range between 10�4 and ⌅ 1. Our
ability to measure ��̇ depends strongly on how well sam-
pled the pulsar rotation is around the glitch. Particularly, if
a set of exponentials are being fitted, the reliability of ��̇
will depend on the interval size of the post-glitch data used

to fit, and of course on the capacity of the model to describe
the data (see Zou et al. (2008), concerning PSR B1737�30,
and Wong et al. (2001), concerning the Crab pulsar). The
results presented in this paper do not involve fitting of short-
term recoveries because their parameters depend so critically
upon the usually poorly known glitch epoch.

Frequency and �̇ plots are produced by performing fits
of �, �̇ and sometimes �̈ to consecutive overlapping groups
of TOAs, each group typically covering a 200 days interval.
To produce a series of � and �̇ values the time interval is
generally shifted by 100 days and the fit performed again.

3.2 Glitch detection

In our searches, all glitches were detected by visual inspec-
tion of the phase residuals, relative to a slowdown model
with a maximum of two frequency derivatives. Any feature
looking similar to those in the top two panels of Fig. 1
was considered as a possible glitch, and explored in detail.
Medium size and large glitches (��/� ⇤ 50⇥ 10�9) always
have a clear signature in the timing residuals; they are ob-
vious and easy to di⇥erentiate from timing noise.

Small glitches are more di⌅cult to identify. The small-
est glitch ever detected is the one in the millisecond pulsar
PSR B1821�24, with a fractional frequency change of only
0.0095(1) ⇥ 10�9 (Cognard & Backer 2004). In spite of its
small size, this glitch was easy to detect, due to the natural
rotational stability and small errors in the TOAs of a mil-
lisecond pulsar. In contrast, for pulsars with higher levels of
timing noise and/or larger errors in the TOAs the amplitude
of the glitch signature could be smaller than the noise vari-
ations, making detection more uncertain. The size of the
smallest detectable glitch depends strongly on the timing
noise levels of the particular pulsar, the signal-to-noise ratio
of the TOAs, and also on how often the observations were
made. If the TOAs are typically separated by a time longer
than the glitch recovery time-scales, or there is a gap with
no data, then the detection of a small glitch may not be pos-
sible, or if it is, it might be di⌅cult to get good estimates of
its epoch and size.

3.3 Determination of Glitch parameters

To estimate the glitch epoch and the size of jumps in �� and
��̇, ephemerides describing the data immediately before and
after the glitch were built, by fitting �, �̇ and �̈, and setting
the epoch of both ephemerides near to an approximate glitch
epoch. The two solutions are then compared, and the epoch
at which the phases are the same is taken as the glitch epoch.
For a large glitch (e.g. ��/� > 1000⇥ 10�9) there could be
several epochs for which this is true between the TOA’s T1

and T2 that surround the glitch. In this case the glitch epoch
was taken to be the average of T1 and T2, and the error was
estimated as (T2 � T1)/4, which corresponds to 1-⇥ of a
square distribution between T1 and T2. The steps �� and
��̇ are found by taking the di⇥erence of the values from the
two solutions at the estimated glitch epoch. The post-glitch
ephemeris was always built intending to describe the pulsar
rotation immediately after the glitch, ideally covering only
30 or 50 days. Unfortunately this was not always possible,
because the sampling on some pulsars is rather poor, and
longer intervals had to be used in those cases.

c⇤ 2010 RAS, MNRAS 000, 1–26
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Figure 1. A glitch in the data of PSR B0531+21, the Crab pul-
sar. It occurred around MJD 53067 and had a fractional frequency
jump of ��/� = 5.33± 0.05� 10�9; a small glitch. (a) The tim-
ing residuals relative to a slowdown model with two frequency
derivatives when fitting data only up to the glitch date. (b) Tim-
ing residuals after fitting all data in the plot; note that the glitch
feature is still visible. Both these panels have the same scale, cov-
ering 500ms. (c) Frequency residuals, obtained by subtracting the
main slope given by an average �̇. (d) The behaviour of �̇ through
the glitch.

Most glitches are followed by an increase in the spin-
down rate |�̇|, which may subsequently recover towards pre-
glitch values. Panel (d) of Fig. 1 shows the evolution of
�̇ through a glitch. Large glitches and their recoveries are
easily visualised in a �̇-plot. Recoveries can sometimes be
modelled using an exponential function with a typical time
constant of ⌅ 100 days, plus a longer time-scale term, which
can either be represented by a second exponential with a
larger time constant (⌅ 1, 000 days) or by a simple linear
decay of |�̇| (Shemar & Lyne 1996). The step in frequency
derivative at a glitch is expressed as the fractional quantity
��̇/�̇ and detected values range between 10�4 and ⌅ 1. Our
ability to measure ��̇ depends strongly on how well sam-
pled the pulsar rotation is around the glitch. Particularly, if
a set of exponentials are being fitted, the reliability of ��̇
will depend on the interval size of the post-glitch data used

to fit, and of course on the capacity of the model to describe
the data (see Zou et al. (2008), concerning PSR B1737�30,
and Wong et al. (2001), concerning the Crab pulsar). The
results presented in this paper do not involve fitting of short-
term recoveries because their parameters depend so critically
upon the usually poorly known glitch epoch.

Frequency and �̇ plots are produced by performing fits
of �, �̇ and sometimes �̈ to consecutive overlapping groups
of TOAs, each group typically covering a 200 days interval.
To produce a series of � and �̇ values the time interval is
generally shifted by 100 days and the fit performed again.

3.2 Glitch detection

In our searches, all glitches were detected by visual inspec-
tion of the phase residuals, relative to a slowdown model
with a maximum of two frequency derivatives. Any feature
looking similar to those in the top two panels of Fig. 1
was considered as a possible glitch, and explored in detail.
Medium size and large glitches (��/� ⇤ 50⇥ 10�9) always
have a clear signature in the timing residuals; they are ob-
vious and easy to di⇥erentiate from timing noise.

Small glitches are more di⌅cult to identify. The small-
est glitch ever detected is the one in the millisecond pulsar
PSR B1821�24, with a fractional frequency change of only
0.0095(1) ⇥ 10�9 (Cognard & Backer 2004). In spite of its
small size, this glitch was easy to detect, due to the natural
rotational stability and small errors in the TOAs of a mil-
lisecond pulsar. In contrast, for pulsars with higher levels of
timing noise and/or larger errors in the TOAs the amplitude
of the glitch signature could be smaller than the noise vari-
ations, making detection more uncertain. The size of the
smallest detectable glitch depends strongly on the timing
noise levels of the particular pulsar, the signal-to-noise ratio
of the TOAs, and also on how often the observations were
made. If the TOAs are typically separated by a time longer
than the glitch recovery time-scales, or there is a gap with
no data, then the detection of a small glitch may not be pos-
sible, or if it is, it might be di⌅cult to get good estimates of
its epoch and size.

3.3 Determination of Glitch parameters

To estimate the glitch epoch and the size of jumps in �� and
��̇, ephemerides describing the data immediately before and
after the glitch were built, by fitting �, �̇ and �̈, and setting
the epoch of both ephemerides near to an approximate glitch
epoch. The two solutions are then compared, and the epoch
at which the phases are the same is taken as the glitch epoch.
For a large glitch (e.g. ��/� > 1000⇥ 10�9) there could be
several epochs for which this is true between the TOA’s T1

and T2 that surround the glitch. In this case the glitch epoch
was taken to be the average of T1 and T2, and the error was
estimated as (T2 � T1)/4, which corresponds to 1-⇥ of a
square distribution between T1 and T2. The steps �� and
��̇ are found by taking the di⇥erence of the values from the
two solutions at the estimated glitch epoch. The post-glitch
ephemeris was always built intending to describe the pulsar
rotation immediately after the glitch, ideally covering only
30 or 50 days. Unfortunately this was not always possible,
because the sampling on some pulsars is rather poor, and
longer intervals had to be used in those cases.
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•  Very fast spin-up
    Vela glitch rise time <40s    
    (Dodson+02) 

•  Slow relaxation 
    (often exponential on  
    timescale ~weeks/months)

•  Lack of emission changes
    indicates internal origin
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Pulsar Glitches                                          Population Statistics

•  Seen in ~5% of NSs
    (440 glitches in 150 NSs)

•  Various NS classes
    (Rotationally powered
 pulsars, magnetars, MSPs..)

•  Glitch activity ~
    Higher in young/middle 
     aged pulsars
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• Brief description of the “inward moving vortices” model
of A.Alpar.

• Discuss the temperature dependence of the internal
torque and why it is likely to explain the ν̇ behaviour.

• Possible heat sources (dissipation from vortex motion
will inevitably release energy, another possibilities are elastic
and magnetic energy).

• Why in J1119 this energy deposition might be impor-
tant and have observable consequences (as opposed to e.g.
Vela).

• Superfluid thermal response - Set up toy problem and
estimate.
We will assume some energy release, coincidental with
the glitch. The parameters for this energy input are: 1.
total energy, 2. depth where it was released, 3. size of
the region in which it was released and 4. timescale for
the injection. We are only going to consider an “instan-
taneous” release since the injection timescale is smaller
than the timescales of interest (for the ν̇ behaviour) for
most plausible mechanisms (starquake, glitch dissipation,
magnetic reconnection). A reasonable range for the total
energy released is 1040 − 1044erg (but smaller, if one
considers only the glitch dissipation). Part of this energy
is transferred to the magnetosphere on fast timescales,
and it could be responsible for the activation of the radio
emission mechanism in previously inactive magnetic field
lines, producing the observed changes in the pulse profile.
Depending on the temperature and physical properties of
the region where the energy was injected, part of it will be
quickly lost via neutrino emission, while the rest will cause
local heating, eventually (on much longer timescales) being
radiated as thermal emission from the surface. To minimise
the energy losses to neutrinos shallower layers must be
considered (outer crust or low density inner crust), on
the other hand the impact on the rotation will be greater
for energy releases close to the crust-core interface (deep
layers of the inner crust) where (depending on internal
temperature) neutrino emissivity might also be rather small
(Aguilera et al. 08, fig7).
Whether the glitch was triggered because of magnetic
stresses fracturing the crust, or the glitch precedes/trigger
this event, will not be examined here. (But can be discussed
in the context of flux-tubes-vortices interaction? Could the
sudden unpinning of vortices trigger the magnetic/elastic
event (by dragging along flux-tubes)?) In the vicinity of
the energy source, the temperature will start growing and
the size of the heated region will increase with time. If
such an event takes place in a region where vortices do
not pin (drag regime) or are only weakly pinned (creep
regime?) the contribution in the effective moment of inertia
of those regions will increase - with respect to what it would
be if their temperature remain constant. Initially, if this
region was decoupled because of the glitch, the net effect
(from this region) can still be a negative change in |ν̇|,
because the effect of a reduced lag ω will be stronger than
the effect of a slightly higher temperature. As this region
re-couples though, the relaxation will be towards the new
pseudo-equilibrium lag ωeq, which will remain smaller than
the pre-glitch one during the cooling phase.
The above qualitative argument could in principle hold also
for regions in the core. Due to its high conductivity the
core will quickly be almost isothermal, with the resulting

change in the temperature much smaller than in the crust,
but over a much bigger volume of neutron superfluid.
For simplicity we will assume that the relaxation of ν̇ due
to the glitch is completed around/before MJD 55000. The
long decaying timescale for the recovery has been estimated
as ∼ 214 days, which justifies this assumption. Therefore
we assume that the following evolution of ν̇ observed is
only due to the readjustment of the superfluid to the
temperature-dependent ωeq.
Calculations/estimates/open questions:
1. Change in mutual friction coefficient B: assuming a
simple (toy) model for the rotation of the superfluid, the
required change in B depends on depth and size of the
affected region, as well as pinning/drag properties there
(which define ωeq. Constrains on this come from the size of
∆ν̇ and the timescales.
2. Can the crust of J1119 stay warmer for the required
amount of time?
3. Is it reasonable to assume τdiff << τF1ev, so that B is
assumed to change instantaneously over the whole affected
region?
4. Cooling - timescales and ν̇ recovery timescale.

• If we conclude that the oscillations seen after the second
glitch are significant, we shall also discuss (glitch-induced,
e.g. by an “asymmetric” glitch) precession and possible rel-
evance with pulse profile changes.

4 CONCLUSIONS/DISCUSSION

With emission characteristics much closer to normal, steady
radio pulsars [cite] and timing noise levels considerably
lower than magnetars, timing studies of PSR J1119-6127
and similar high magnetic field pulsars offer the possibility
of disentangling the contribution of the magnetosphere and
the superfluid in the glitch-bursting puzzle.

While the thermal output of the above mechanisms
might be below detectable levels, the external processes
discussed above could have a significant imprint on the
X-ray emission at the glitch. For example, the energy
released if a reconnection event took place (see [ref]),
would have been easily detected by .... Unfortunately there
was no pointed observation with [....] in the years [...].

Φ(t) = Φ0 + ν (t− t0) + 1
2 ν̇ (t− t0)

ν̇ ∝ −νn

ν̇ ∼ 10−15 − 10−12 Hz/sec

n =
ν̈ν
ν̇2
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• Brief description of the “inward moving vortices” model
of A.Alpar.

• Discuss the temperature dependence of the internal
torque and why it is likely to explain the ν̇ behaviour.

• Possible heat sources (dissipation from vortex motion
will inevitably release energy, another possibilities are elastic
and magnetic energy).

• Why in J1119 this energy deposition might be impor-
tant and have observable consequences (as opposed to e.g.
Vela).

• Superfluid thermal response - Set up toy problem and
estimate.
We will assume some energy release, coincidental with
the glitch. The parameters for this energy input are: 1.
total energy, 2. depth where it was released, 3. size of
the region in which it was released and 4. timescale for
the injection. We are only going to consider an “instan-
taneous” release since the injection timescale is smaller
than the timescales of interest (for the ν̇ behaviour) for
most plausible mechanisms (starquake, glitch dissipation,
magnetic reconnection). A reasonable range for the total
energy released is 1040 − 1044erg (but smaller, if one
considers only the glitch dissipation). Part of this energy
is transferred to the magnetosphere on fast timescales,
and it could be responsible for the activation of the radio
emission mechanism in previously inactive magnetic field
lines, producing the observed changes in the pulse profile.
Depending on the temperature and physical properties of
the region where the energy was injected, part of it will be
quickly lost via neutrino emission, while the rest will cause
local heating, eventually (on much longer timescales) being
radiated as thermal emission from the surface. To minimise
the energy losses to neutrinos shallower layers must be
considered (outer crust or low density inner crust), on
the other hand the impact on the rotation will be greater
for energy releases close to the crust-core interface (deep
layers of the inner crust) where (depending on internal
temperature) neutrino emissivity might also be rather small
(Aguilera et al. 08, fig7).
Whether the glitch was triggered because of magnetic
stresses fracturing the crust, or the glitch precedes/trigger
this event, will not be examined here. (But can be discussed
in the context of flux-tubes-vortices interaction? Could the
sudden unpinning of vortices trigger the magnetic/elastic
event (by dragging along flux-tubes)?) In the vicinity of
the energy source, the temperature will start growing and
the size of the heated region will increase with time. If
such an event takes place in a region where vortices do
not pin (drag regime) or are only weakly pinned (creep
regime?) the contribution in the effective moment of inertia
of those regions will increase - with respect to what it would
be if their temperature remain constant. Initially, if this
region was decoupled because of the glitch, the net effect
(from this region) can still be a negative change in |ν̇|,
because the effect of a reduced lag ω will be stronger than
the effect of a slightly higher temperature. As this region
re-couples though, the relaxation will be towards the new
pseudo-equilibrium lag ωeq, which will remain smaller than
the pre-glitch one during the cooling phase.
The above qualitative argument could in principle hold also
for regions in the core. Due to its high conductivity the
core will quickly be almost isothermal, with the resulting

change in the temperature much smaller than in the crust,
but over a much bigger volume of neutron superfluid.
For simplicity we will assume that the relaxation of ν̇ due
to the glitch is completed around/before MJD 55000. The
long decaying timescale for the recovery has been estimated
as ∼ 214 days, which justifies this assumption. Therefore
we assume that the following evolution of ν̇ observed is
only due to the readjustment of the superfluid to the
temperature-dependent ωeq.
Calculations/estimates/open questions:
1. Change in mutual friction coefficient B: assuming a
simple (toy) model for the rotation of the superfluid, the
required change in B depends on depth and size of the
affected region, as well as pinning/drag properties there
(which define ωeq. Constrains on this come from the size of
∆ν̇ and the timescales.
2. Can the crust of J1119 stay warmer for the required
amount of time?
3. Is it reasonable to assume τdiff << τF1ev, so that B is
assumed to change instantaneously over the whole affected
region?
4. Cooling - timescales and ν̇ recovery timescale.

• If we conclude that the oscillations seen after the second
glitch are significant, we shall also discuss (glitch-induced,
e.g. by an “asymmetric” glitch) precession and possible rel-
evance with pulse profile changes.

4 CONCLUSIONS/DISCUSSION

With emission characteristics much closer to normal, steady
radio pulsars [cite] and timing noise levels considerably
lower than magnetars, timing studies of PSR J1119-6127
and similar high magnetic field pulsars offer the possibility
of disentangling the contribution of the magnetosphere and
the superfluid in the glitch-bursting puzzle.

While the thermal output of the above mechanisms
might be below detectable levels, the external processes
discussed above could have a significant imprint on the
X-ray emission at the glitch. For example, the energy
released if a reconnection event took place (see [ref]),
would have been easily detected by .... Unfortunately there
was no pointed observation with [....] in the years [...].

Φ(t) = Φ0 + ν (t− t0) + 1
2 ν̇ (t− t0)

ν̇ ∝ −νn

ν̇ ∼ 10−15 − 10−12 Hz/sec

n =
ν̈ν
ν̇2
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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



Pulsar Glitches                                    Superfluid glitch models

•  Vortex flow restricted by “pinning” : building  
    of differential rotation and increasing spin lag 

•  Two, loosely coupled, components:

•  Sudden transfer of angular momentum from 
    a more rapidly rotating component of the 
    superfluid to the rest of the star:   glitch ! 

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 sorts: 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 pulsars. The observed spin-up is usually at-
tributed to a sudden transfer of angular momentum from a
more rapidly rotating component of this superfluid to the rest
of the star. The properties of some recently identified glitches
appear to be challenging for our understanding of the under-
lying mechanism and to introduce significant complications
in the glitch phenomenon. It is therefore important to in-
vestigate the robustness of such observations and re-examine
their interpretation as glitches, given the di⌃culty of timing
analysis in the presence of timing noise and the small size of
most of these unusual events.

The methods by which measurements of the rotational and
glitch parameters are typically performed a⇤ect the accuracy
of such estimations and their uncertainties. Such e⇤ects can
be important when small irregularities are studied. To mea-
sure the pulsar’s frequency, times of arrival (ToAs) assigned
to each pulse should correspond to a clear reference point
at their profile, which is assumed to represent an emitting
area attached to the star’s surface. Individual pulses usually
have very di⇤erent profiles and are too weak to allow unam-
biguous determination of the ToA. However, folding many
observations using a predicted pulsar period generates a high
signal-to-noise template profile which becomes stable when
enough pulses are summed. The number of pulses needed for
the required stability and the shape of the standard profile
are characteristics of each pulsar. An integrated profile is cre-
ated from the new observations which is then correlated with
this template to give an average ToA. This is converted to
a barycentric time, using previous measurements of the pul-
sar’s proper motion and distance or by fitting for them using
a timing model.

A pulsar timing model is used to predict the pulse phase
⌅, expressed as a Taylor expansion:

⌅(t) = ⌅(t0) + ⇥(t� t0) +
1

2
⇥̇(t� t0)

2 +
1

6
⇥̈(t� t0)

3 + . . . (1)

where ⇥, ⇥̇, etc. are the spin frequency and its time deriva-
tives. New observations of regularly monitored pulsars are
typically performed every few days or weeks, and improved
rotational parameters are obtained by minimizing the dif-
ferences between the predicted phase and the observed one
(timing residuals). Typically this is done with a least-squares
fitting procedure.

For most pulsars a simple slow down model is not suf-
ficient to describe the data, which are dominated by timing
noise, i.e. random fluctuations on time scales of days to years.
In the presence of a systematic ⇥̈ that was not included in the
fit, the residuals have a characteristic cubic structure, usually

easy to distinguish from timing noise when long data spans
are available. However, a relatively constant long-term ⇥̈ is
seen only in a small number of pulsars. Thus if this term
is included in equation (1) when fitting a set of ToAs, the
resulting estimate of ⇥̈ will reflect also the variations due to
timing noise.

There is no widely accepted way to characterize timing
noise, mainly due to its complexity and the unknown nature
of the underlying processes. The strength of timing noise
varies greatly among the pulsar population and appears to
correlate with the magnitude of the slow-down rate, but not
with the spin frequency [1]. In many pulsars the underlying
power spectrum is “red”, indicating a low-frequency noise su-
perimposed on the white component, and in a few cases quasi-
periodic structures have been reported. The presence of “red”
noise invalidates the use of a least-square fit and limits the
accuracy of the results.

Glitches were first observed in the Vela pulsar [2, 3] as sud-
den large spin-ups (�⇥ ⌅ 10µHz) accompanied by an increase
in the 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. When a glitch occurs, the parameters
previously obtained can no longer predict the ToAs. The pre-
and post-glitch sets of ToAs are described by di⇤erent timing
solutions, introducing a jump in ⇥ and ⇥̇ at the epoch of the
glitch. The parameters �⇥, �⇥̇ used to describe the glitch
are measured by extrapolating the solutions to this time. Al-
though not as widespread as timing noise, glitches have been
detected in more than 100 pulsars and present a very wide
range of relative sizes, 10�11 . �⇥/⇥ . 10�5.

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 [4]. 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.

As the number of detected glitches increased and the bet-
ter quality and sampling rate of observations made possible
the identification of glitches as small as 10�3µHz, a greater
variety of glitching behaviour has been revealed, mainly in
the relaxation process. Very unusual recoveries have been
observed, however they all follow events that have the char-
acteristic signature �⇥ > 0, �⇥̇ ⇤ 0 of a glitch. On the other
hand, changes �⇥̇ > 0 accompanying the glitch are measured
in ⌅10% of the total glitch population. This signature is
mostly seen in the recently reported small glitches, i.e. those
with �⇥/⇥ . 10�9. Such an initial decrease in the slow-down
rate is in contradiction with our current understanding of the
glitch phenomenon.

For part of the superfluid to act as a reservoir of angular
momentum its rotational rate ⇥

s

must be higher than the
observed ⇥

c

= 2⇤⇥
obs

, which represents the velocity of the
outer crust. Such di⇤erential rotation could occur in the inner
crust, where interaction with the lattice of nuclei is thought
to prohibit the slow-down of the superfluid at the same rate
as the rest of the star. The star’s rotational evolution is then
described by

I
c

⇥̇
c

(t) +

Z
⇥̇

s

(r, t)dI
s

= N
ext

(2)

1

served in both the spin frequency � and its derivative �̇, in
Crab pulsar glitches part of the increase in |�̇| is persistent
[?] and the net result of glitches is a decrease in frequency.
Such long-lasting (or permanent) enhancements of the slow-
down rate after a glitch and overshooting in spin frequency are
also seen in other pulsars, as for example in PSR B2334+61
and PSR B0402+61 respectively [?, ?] . On the other hand
in many pulsars, and even for some giant Vela-like glitches,
there is no evident recovery. The detection of any short-term
relaxation, with characteristic time of days, requires good ob-
servational coverage around and after the glitch. The lack
of an observed long-term relaxation can be either due to a
true absence or because it happens in much longer timescales.
Sometimes investigation of relaxation is prevented by a new
glitch that occurs and dominates the residuals.

Anomalous X-ray pulsars (AXPs) also su⇤er glitches, usu-
ally of medium or large size, that sometimes can be associated
with radiative changes as bursts and pulse profile changes [?].
Some AXP glitches show very peculiar recoveries [?, ?, ?].
Unusual post-glitch behaviour was also observed in the high-
magnetic field radio pulsars PSR J1846-0258 [?], J1718-3718
[?], J1119-6127 [?] and RRAT J1819-1458 [?].

The aforementioned diversity in recoveries is one of the
most puzzling aspects of the glitch mechanism. However, all
these unusual relaxations follow events that have the charac-
teristic signature�� > 0, ��̇ � 0 of a glitch and although not
predicted, they possibly could be incorporated in the frame-

work of some existing models.
On the other hand, changes ��̇ > 0 accompanying the

glitch are measured in ⇥10% of the total glitch population.
This signature is mostly seen in the recently reported small
glitches, i.e. those with ��/� � 10�9. Such an initial de-
crease in the slow-down rate is in contradiction with our
current understanding of the glitch phenomenon. In the
most promising models the rotational perturbation due to the
glitch results in a partial decoupling of the superfluid. This
means that the external torque, assumed to be unchanged
during the glitch, acts on a lesser e⇤ective moment of inertia
resulting in ��̇ < 0.

Considering this apparent deviation from the expected
behaviour as well as the small size of these events, we doubt
their interpretation as glitches. In order to clarify their nature
and see how they relate to the normal glitch population, we
studied in greater detail the signature of small irregularities,
as glitches of both positive and negative jumps in spin-down
rate, microglitches and gradual spin-ups in the timing resid-
uals of # pulsars which are regularly followed by the Jodrell
Bank observatory.
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• Inner crust: vortices pin to/between
   crustal nuclear clusters  (Anderson & Itoh 75)

   (in the outer core, possible “pinning” to SCII flux-tubes)

• Maximum lag before vortex unpinning: 
   balance of pinning force vs Magnus (lift) force

• Available angular momentum limited by:
★  maximum pinning force per vortex length 

        (pairing gap, lattice orientation, vortex rigidity,...)
★  moment of inertia of decoupled superfluid

        (crustal entrainment, crustal moment of inertia)
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•  Spin lag exceeds critical lag for unpinning
     (Alpar+84, Pizzochero 11, Haskell+12, ...)

     successful for Vela-like glitches

•  Hydrodynamical instabilities 
    (Andersson+03, Glampedakis 09, Link 12, ...)

Glitch triggers
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•  Thermally activated unpinning 
     (Link & Epstein 96, Larson & Link 00) 

•  Crust quakes (Ruderman 76, Alpar 96, Chamel 06, ...)

     Depends on crustal critical breaking strain: might not
     work for large glitches if crust is not weak
     since the critical lag is exceeded before the crust fails

Glitch triggers

April 12, 2014 18:20 WSPC/INSTRUCTION FILE glitches

18 B.Haskell & A.Melatos

observed in the distributions of glitch sizes. Nevertheless the shortcomings described
above must be addressed.

The main ingredient that is missing in the picture above is neutron superfluidity.
In fact the long timescales observed in the relaxation of Vela and Crab glitches were
soon taken as evidence for a superfluid component in the NS, leading to the proposal
of a 2 fluid model, very similar to that described in section hydro - cite baym.
However superfluidity does not only play a role in the post-glitch relaxation, but
can also play an important role in building up stress in the crust, leading to a crust
quake that then frees vortices and triggers a glitch cite, ruderman 76, chamel,
alpar. This can be seen quite easily if we consider the average pinning force per
unit volume acting on the lattice:

FP

i

= n
v

f
i

(⇢) = n
v

f
i

($, z). (44)

where f
i

is the pinning force per unit length that opposes the Magnus force and will
thus, for a straight vortex, be along the cylindrical radius $̂. However f

i

depends
on density and will thus vary over the length of a vortex, leading to
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Since FP

i

shears the lattice it cannot be balanced by gravity, pressure or centrifugal
contributions, which are all expressed as gradients, but must be balanced by elas-
ticity, building up a strain. The maximum lag that can be accumulated before the
crust breaks can be estimated as ruderman76:

�⌦ ⇡ �̄
c

µ

p

GM

R3⌦
s�1, (46)

with �̄
c

the critical breaking strain, p the pressure and ⌦ the angular velocity of
the star. If the crust were quite weak (�̄

c

⇡ 10�5) this would lead to reasonable
values of the lag that could be reached in approximately 3 years by Vela. However
the more realistic values obtained with molecular dynamics simulations are several
orders of magnitude larger (�̄

c

⇡ 0.1) cite horowitz, indicating that vortices will
unpin well before the critical strain is reached and ruling out crust quakes as a
trigger mechanism, at least for large glitches. They may however play a role in
smaller glitches and in younger pulsars such as J05370-6910 or the Crab alpar
and more detailed modelling of the breaking of the crust needs to be undertaken to
confirm the nature of the fracturing process Franco + Link, Horowitz. Note that
carter2000 show that stress can build up even in the absence of vortex pinning,
as long as the viscosity between the neutron superfluid and the crust is low. In this
case, if the neutrons rotate di↵erentially, the crust must be strained to balance the
Magnus force, and the mechanism will proceed as describe above, generating star
quakes if the breaking strain is exceeded. explain more?

Ruderman cite has suggested that stress may also build up as superconducting
flux tubes are pushed out by vortices during the spin down of the pulsar. The bases
of the flux tubes are attached to the crust and would shear it, leading to a quake.
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Scale invariance of glitch sizes
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•  Vortex avalanches due to local vortex over-      
    density - SOC system (Melatos+08)

     Requires a highly inhomogeneous pinning potential

•  Coherent noise process 
    Unpinning mostly due to vortex proximity effect, 
     seems to require extreme fine tuning 
     (Melatos & Warszawski 09)

•  Crust quakes as triggers for smaller glitches
     Requires different trigger mechanism for giant glitches

Scale invariance of glitch sizes
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The glitch size distribution A study of 315 glitches in 102 pulsars 1701

Figure 13. Histograms of the frequency jumps !ν of all glitches known.
Two bin sizes are used to reveal the features not visible with the larger size.
Magnetar glitches are also plotted, using the small bin size and the darkest
colour.

Figure 14. The frequency jump !ν of 288 glitches versus the corresponding
frequency derivative jump !ν̇. Glitches with a negative !ν̇ are plotted in
white filled circles, and those with a positive !ν̇ are in black. The dashed
rectangle encloses those events in the range 10 < !ν < 45 µHz and
satisfying −450 < !ν̇ < −10, in units of 10−15 Hz s−1.

(Fig. 12). Additionally, their glitch activity seems to influence the
long-term spin evolution to a lesser extent; the evolution of ν̇ in the
Crab pulsar, though interrupted by glitches, is almost linear, while in
the case of Vela, glitches interrupt the evolution almost completely.
Perhaps higher temperatures in younger pulsars prevent the glitch
mechanism from working as efficiently as it does for Vela-like
pulsars (McKenna & Lyne 1990; Link, Epstein & Lattimer 1999).
In terms of vortex unpinning, under higher temperatures, thermal
fluctuations could effectively compete against pinning forces and
impede the formation of large pinning zones. Moreover, Alpar et al.
(1996) suggested that through quakes the Crab pulsar is still creating
vortex depletion zones. By the time the Crab pulsar is as old as Vela,
these zones would help producing larger glitches and higher glitch
activity. In this model, the current glitch activity of the Crab pulsar is
driven by starquakes. Similarly, Middleditch et al. (2006) proposed
that, in general, young objects are just creating their first surface
cracks, which generate vortex depletion and trap zones, which will

Table 6. Pulsars selected by their glitch !ν and !ν̇

jumps, and the number of events (n) satisfying the
selection criteria (see text), contrasted with the total
number of glitches (NT).

PSR n/NT PSR n/NT

B0355+54 1/6 B1800−21 3/4
J0537−6910 17/23 J1806−2125 1/1
J0729−1448 1/5 J1809−1917 1/1
B0833−45 13/16 B1823−13 3/5
B1046−58 1/3 J1846−0258 1/2
J1357−6429 1/1 B1853+01 1/1
B1610−50 1/1 B1930+22 2/3
B1706−44 1/1 J2021+3651 1/2
B1727−33 2/2 J2229+6114 1/3
B1757−24 3/5 B2334+61 1/1

Figure 15. Top of the P –Ṗ diagram (Ṗ > 1.65 × 10−15), displaying with
clear large diamonds those pulsars selected in the !ν–!ν̇ plane (Fig. 14).
The Vela pulsar is highlighted using a large black diamond. In addition to
lines of constant characteristic age and magnetic field, two lines of constant
ν̇ are drawn, indicating the extremes of the ν̇ range for which ν̇glitch/|ν̇| ∼
0.01.

later be able to produce the large glitch activity seen in objects like
Vela.

The glitch activity is observed to decay steadily towards larger
characteristic ages (between 5 kyr and 10 Myr), and the same decay
is also observed as a function of |ν̇|. In the range 10 < |ν̇−15| < 105

(Fig. 11a), the slope of the glitch spin-up rate is very close to
+1, implying a simple proportionality between glitch activity and

C⃝ 2011 The Authors, MNRAS 414, 1679–1704
Monthly Notices of the Royal Astronomical Society C⃝ 2011 RAS
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The glitch size distribution A study of 315 glitches in 102 pulsars 1701

Figure 13. Histograms of the frequency jumps !ν of all glitches known.
Two bin sizes are used to reveal the features not visible with the larger size.
Magnetar glitches are also plotted, using the small bin size and the darkest
colour.

Figure 14. The frequency jump !ν of 288 glitches versus the corresponding
frequency derivative jump !ν̇. Glitches with a negative !ν̇ are plotted in
white filled circles, and those with a positive !ν̇ are in black. The dashed
rectangle encloses those events in the range 10 < !ν < 45 µHz and
satisfying −450 < !ν̇ < −10, in units of 10−15 Hz s−1.

(Fig. 12). Additionally, their glitch activity seems to influence the
long-term spin evolution to a lesser extent; the evolution of ν̇ in the
Crab pulsar, though interrupted by glitches, is almost linear, while in
the case of Vela, glitches interrupt the evolution almost completely.
Perhaps higher temperatures in younger pulsars prevent the glitch
mechanism from working as efficiently as it does for Vela-like
pulsars (McKenna & Lyne 1990; Link, Epstein & Lattimer 1999).
In terms of vortex unpinning, under higher temperatures, thermal
fluctuations could effectively compete against pinning forces and
impede the formation of large pinning zones. Moreover, Alpar et al.
(1996) suggested that through quakes the Crab pulsar is still creating
vortex depletion zones. By the time the Crab pulsar is as old as Vela,
these zones would help producing larger glitches and higher glitch
activity. In this model, the current glitch activity of the Crab pulsar is
driven by starquakes. Similarly, Middleditch et al. (2006) proposed
that, in general, young objects are just creating their first surface
cracks, which generate vortex depletion and trap zones, which will

Table 6. Pulsars selected by their glitch !ν and !ν̇

jumps, and the number of events (n) satisfying the
selection criteria (see text), contrasted with the total
number of glitches (NT).

PSR n/NT PSR n/NT

B0355+54 1/6 B1800−21 3/4
J0537−6910 17/23 J1806−2125 1/1
J0729−1448 1/5 J1809−1917 1/1
B0833−45 13/16 B1823−13 3/5
B1046−58 1/3 J1846−0258 1/2
J1357−6429 1/1 B1853+01 1/1
B1610−50 1/1 B1930+22 2/3
B1706−44 1/1 J2021+3651 1/2
B1727−33 2/2 J2229+6114 1/3
B1757−24 3/5 B2334+61 1/1

Figure 15. Top of the P –Ṗ diagram (Ṗ > 1.65 × 10−15), displaying with
clear large diamonds those pulsars selected in the !ν–!ν̇ plane (Fig. 14).
The Vela pulsar is highlighted using a large black diamond. In addition to
lines of constant characteristic age and magnetic field, two lines of constant
ν̇ are drawn, indicating the extremes of the ν̇ range for which ν̇glitch/|ν̇| ∼
0.01.

later be able to produce the large glitch activity seen in objects like
Vela.

The glitch activity is observed to decay steadily towards larger
characteristic ages (between 5 kyr and 10 Myr), and the same decay
is also observed as a function of |ν̇|. In the range 10 < |ν̇−15| < 105

(Fig. 11a), the slope of the glitch spin-up rate is very close to
+1, implying a simple proportionality between glitch activity and

C⃝ 2011 The Authors, MNRAS 414, 1679–1704
Monthly Notices of the Royal Astronomical Society C⃝ 2011 RAS

 at U
niversiteit van A

m
sterdam

 on M
ay 24, 2014

http://m
nras.oxfordjournals.org/

D
ow

nloaded from
 

Giant glitches



Pulsar Glitches                                  Observational constraints

Large glitches (>10 µHz)

•  Easily identified in the timing residuals

•  but usually rare events! 
    Detection limited by the total observing time
    

A study of 315 glitches in 102 pulsars 1689

Figure 5. Four of the new largest glitches in the Crab pulsar. Every glitch is shown by plotting the frequency residuals (top panel) and ν̇ (bottom panel) against
time. The time axis is measured in days, and day zero corresponds to the glitch epoch, which is indicated in MJD below the name of the pulsar in each plot.

plot. To describe the envelope, data were binned every half-decade
of characteristic age, and the maximum glitch rate per bin was
selected. By fitting a straight line to these selected values, the slope
of the envelope was obtained, as shown in the plot. The fit indicates
that on average, a pulsar with a characteristic age τ c will glitch a
maximum of (6 ± 2) × τ−0.48(4)

c times per year (with τ c measured in
kyr). It should be noted that this simple analysis is directly related to
the number of glitches observed and has nothing to do with the size
of the glitches. Accordingly, failing to detect small glitches could
affect these results. The effect of glitch sizes and their frequency are
better studied by the integrated glitch activity, which is introduced
in the next section.

5.2 Integrated glitch activity

The cumulative effect of spin-up due to glitches on pulsars, mea-
sured over several years, can be used to study the glitch activity
and its relationship with other parameters. To increase the statisti-
cal power in its estimation we consider a large number of pulsars,
including those that have not yet been seen to glitch. Following
Lyne et al. (2000), the glitch spin-up rate of a group of pulsars is
defined as

ν̇glitch =
!

i

!
j #νij!
i Ti

, (2)

where the double sum runs over every frequency jump #ν ij due to
the glitch j on the pulsar i, and the sum in the denominator is the
accumulated years of observation of all the pulsars of the group.
To calculate the accumulated total time of observation of different
groups of pulsars, we use a sample of 622 pulsars that have been
observed for more than 3 yr at JBO (Table 2) plus all pulsars that
have glitched and are not observed at JBO (Table 3).

In Lyne et al. (2000), pulsars were grouped according to their
value of ν̇, each group covering a semidecade of frequency deriva-
tive. In Table 4, we have reproduced the same result using the new
glitch data base and a larger sample of pulsars. The first column
contains the logarithm of the average spin-down rate of all pulsars
in each semidecade of frequency derivative. The second column is
the total observing time span Ti of the group in years, and the next
four columns are the total number of glitches Ng, the mean glitching
rate ⟨Ṅg⟩ = Ng/

!
Ti , the number of pulsars with a glitch detected

Npg and the total number of pulsars in the group Np. The sixth col-
umn shows the cumulative effects of the frequency jumps, which
when divided by

!
Ti gives the glitch spin-up rate, shown in the last

column. Errors for ⟨Ṅg⟩ are estimated as
"

Ng/
!

Ti and the errors

for the glitch spin-up rate as ν̇glitch/
"

Ng. The new results, plotted in
Fig. 11, are perfectly compatible with those obtained by Lyne et al.
(2000). Thanks to the larger sample, we have been able to reduce the
size of the error bars significantly, and the ν̇ range for which a slope
close to 1 was claimed is now better defined (for |ν̇−15| between 10
and ∼32 000, where ν̇−15 is ν̇ in units of 10−15 Hz s−1). A straight
line with a slope of 1 is included in the plot for comparison. We note
that the largest values of the spin-up rate are the result of the high
glitch activity of PSR J0537−6910 and the Crab pulsar. Due to the
low number of pulsars with very high spin-down rate in the sample,
these two pulsars dominate completely the integrated glitch activity
of the corresponding ν̇ bins (see Table 4).

The low glitch activity of pulsars with low spin-down rates is
caused by small and rare glitches. There are no glitches detected for
pulsars with |ν̇−15| < 0.5 Hz s−1. Fig. 10 shows the mean glitching
rate ⟨Ṅg⟩ against |ν̇| using data from Table 4. A linear fit to that data
gives ⟨Ṅg⟩ ∝ |ν̇|0.47(4). This suggests that for the first three bins, no
glitches should be expected for the given accumulated observation
times (

!
Ti), and only one (1.25) glitch should be expected for the

bin centred at log⟨|ν̇−15|⟩ = −0.73. Using the same fit, the necessary
accumulated time to observe one glitch can be estimated for each
bin, and, given an assumed glitch size, sensible upper limits for the
glitch activity in those ν̇ bins can be estimated. It is important to
note that the bins centred on log⟨|ν̇−15|⟩ values of 0.25 and −0.22,
which present the lowest ν̇glitch values, have the longest accumulated
observation times and also the largest number of observed pulsars.
There is an increase of more than 2 orders of magnitude of ν̇glitch

from these bins towards higher spin-down rates. This change may
imply important differences between objects with lower and higher
ν̇ values.

The average glitch size for the pulsars in these two bins is
0.0004 µHz, and adding all jumps together the glitch contribution
is not larger than 0.004 µHz. By using the estimated accumulated
time necessary to observe at least one glitch, and assuming a glitch
size of 0.0004 µHz, the glitch spin-up rates for the four bins with
lowest spin-down rates were estimated and plotted in Fig. 11(a) us-
ing white triangles. In the same manner, the glitch spin-up rate was
estimated again, but now assuming that the glitch had a frequency
size of 0.03 µHz (which roughly corresponds to the centre of the
general #ν distribution, see Section 5.3), and the results are plotted
using black triangles. Finally, the glitch activity obtained if a glitch
with #ν = 1 µHz was detected in the data of pulsars in these four
bins, using the currently available accumulated observing times, is
plotted with a dotted line. As

!
Ti gets shorter towards lower |ν̇|,

the maximum spin-up rate estimates grow alike.
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Four of the largest glitches of the Crab pulsar - Figure by C. Espinoza



Pulsar Glitches                                  Observational constraints

Large glitches (>10 µHz)

Represent the minimum moment of inertia 
    of  the decoupled superfluid

★ If it is the crustal superfluid: constrains on EOS,
   glitches as tools to estimate mass of isolated pulsars

★ If entrainment in the crust is strong (Chamel 12), 
the crustal superfluid might not be enough (Anderson
+13,Chamel 13, but see also Piekarewicz+14) 

see talk by N. Chamel

http://adsabs.harvard.edu/cgi-bin/author_form?author=Piekarewicz,+J&fullauthor=Piekarewicz,%20J.&charset=UTF-8&db_key=PRE
http://adsabs.harvard.edu/cgi-bin/author_form?author=Piekarewicz,+J&fullauthor=Piekarewicz,%20J.&charset=UTF-8&db_key=PRE
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Figure 13. Histograms of the frequency jumps !ν of all glitches known.
Two bin sizes are used to reveal the features not visible with the larger size.
Magnetar glitches are also plotted, using the small bin size and the darkest
colour.

Figure 14. The frequency jump !ν of 288 glitches versus the corresponding
frequency derivative jump !ν̇. Glitches with a negative !ν̇ are plotted in
white filled circles, and those with a positive !ν̇ are in black. The dashed
rectangle encloses those events in the range 10 < !ν < 45 µHz and
satisfying −450 < !ν̇ < −10, in units of 10−15 Hz s−1.

(Fig. 12). Additionally, their glitch activity seems to influence the
long-term spin evolution to a lesser extent; the evolution of ν̇ in the
Crab pulsar, though interrupted by glitches, is almost linear, while in
the case of Vela, glitches interrupt the evolution almost completely.
Perhaps higher temperatures in younger pulsars prevent the glitch
mechanism from working as efficiently as it does for Vela-like
pulsars (McKenna & Lyne 1990; Link, Epstein & Lattimer 1999).
In terms of vortex unpinning, under higher temperatures, thermal
fluctuations could effectively compete against pinning forces and
impede the formation of large pinning zones. Moreover, Alpar et al.
(1996) suggested that through quakes the Crab pulsar is still creating
vortex depletion zones. By the time the Crab pulsar is as old as Vela,
these zones would help producing larger glitches and higher glitch
activity. In this model, the current glitch activity of the Crab pulsar is
driven by starquakes. Similarly, Middleditch et al. (2006) proposed
that, in general, young objects are just creating their first surface
cracks, which generate vortex depletion and trap zones, which will

Table 6. Pulsars selected by their glitch !ν and !ν̇

jumps, and the number of events (n) satisfying the
selection criteria (see text), contrasted with the total
number of glitches (NT).

PSR n/NT PSR n/NT

B0355+54 1/6 B1800−21 3/4
J0537−6910 17/23 J1806−2125 1/1
J0729−1448 1/5 J1809−1917 1/1
B0833−45 13/16 B1823−13 3/5
B1046−58 1/3 J1846−0258 1/2
J1357−6429 1/1 B1853+01 1/1
B1610−50 1/1 B1930+22 2/3
B1706−44 1/1 J2021+3651 1/2
B1727−33 2/2 J2229+6114 1/3
B1757−24 3/5 B2334+61 1/1

Figure 15. Top of the P –Ṗ diagram (Ṗ > 1.65 × 10−15), displaying with
clear large diamonds those pulsars selected in the !ν–!ν̇ plane (Fig. 14).
The Vela pulsar is highlighted using a large black diamond. In addition to
lines of constant characteristic age and magnetic field, two lines of constant
ν̇ are drawn, indicating the extremes of the ν̇ range for which ν̇glitch/|ν̇| ∼
0.01.

later be able to produce the large glitch activity seen in objects like
Vela.

The glitch activity is observed to decay steadily towards larger
characteristic ages (between 5 kyr and 10 Myr), and the same decay
is also observed as a function of |ν̇|. In the range 10 < |ν̇−15| < 105

(Fig. 11a), the slope of the glitch spin-up rate is very close to
+1, implying a simple proportionality between glitch activity and
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Pulsar Glitches                                  Observational constraints

The glitch size distribution

Small glitc
hes



Pulsar Glitches                                  Observational constraints

Small/intermediate glitches

•  Hard to identify because of timing noise
     Different detectability limits for each pulsar, depending
     on intrinsic noise levels and observational cadence

•  Strong observational bias against glitches
    with recovery timescales < data gaps 

•  Incomplete sample: we cannot study the
    underlying waiting times distribution



Pulsar Glitches                                  Observational constraints

Small glitches

• A lower cut-off for
   Crab pulsar glitch sizes   
   (Espinoza+14)

• Below ~0.05µHz 
   the  glitch mechanism
   seems to break/change

• Constrain on glitch
   trigger mechanism 
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‣ Neither a power-law nor a 
lognormal dist. can describe the 
GCs + glitches together  
(KS prob. < 0.01%).
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Post-glitch relaxation

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 sorts: 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 pulsars. The observed spin-up is usually at-
tributed to a sudden transfer of angular momentum from a
more rapidly rotating component of this superfluid to the rest
of the star. The properties of some recently identified glitches
appear to be challenging for our understanding of the under-
lying mechanism and to introduce significant complications
in the glitch phenomenon. It is therefore important to in-
vestigate the robustness of such observations and re-examine
their interpretation as glitches, given the di⌃culty of timing
analysis in the presence of timing noise and the small size of
most of these unusual events.

The methods by which measurements of the rotational and
glitch parameters are typically performed a⇤ect the accuracy
of such estimations and their uncertainties. Such e⇤ects can
be important when small irregularities are studied. To mea-
sure the pulsar’s frequency, times of arrival (ToAs) assigned
to each pulse should correspond to a clear reference point
at their profile, which is assumed to represent an emitting
area attached to the star’s surface. Individual pulses usually
have very di⇤erent profiles and are too weak to allow unam-
biguous determination of the ToA. However, folding many
observations using a predicted pulsar period generates a high
signal-to-noise template profile which becomes stable when
enough pulses are summed. The number of pulses needed for
the required stability and the shape of the standard profile
are characteristics of each pulsar. An integrated profile is cre-
ated from the new observations which is then correlated with
this template to give an average ToA. This is converted to
a barycentric time, using previous measurements of the pul-
sar’s proper motion and distance or by fitting for them using
a timing model.

A pulsar timing model is used to predict the pulse phase
⌅, expressed as a Taylor expansion:

⌅(t) = ⌅(t0) + ⇥(t� t0) +
1

2
⇥̇(t� t0)

2 +
1

6
⇥̈(t� t0)

3 + . . . (1)

where ⇥, ⇥̇, etc. are the spin frequency and its time deriva-
tives. New observations of regularly monitored pulsars are
typically performed every few days or weeks, and improved
rotational parameters are obtained by minimizing the dif-
ferences between the predicted phase and the observed one
(timing residuals). Typically this is done with a least-squares
fitting procedure.

For most pulsars a simple slow down model is not suf-
ficient to describe the data, which are dominated by timing
noise, i.e. random fluctuations on time scales of days to years.
In the presence of a systematic ⇥̈ that was not included in the
fit, the residuals have a characteristic cubic structure, usually

easy to distinguish from timing noise when long data spans
are available. However, a relatively constant long-term ⇥̈ is
seen only in a small number of pulsars. Thus if this term
is included in equation (1) when fitting a set of ToAs, the
resulting estimate of ⇥̈ will reflect also the variations due to
timing noise.

There is no widely accepted way to characterize timing
noise, mainly due to its complexity and the unknown nature
of the underlying processes. The strength of timing noise
varies greatly among the pulsar population and appears to
correlate with the magnitude of the slow-down rate, but not
with the spin frequency [1]. In many pulsars the underlying
power spectrum is “red”, indicating a low-frequency noise su-
perimposed on the white component, and in a few cases quasi-
periodic structures have been reported. The presence of “red”
noise invalidates the use of a least-square fit and limits the
accuracy of the results.

Glitches were first observed in the Vela pulsar [2, 3] as sud-
den large spin-ups (�⇥ ⌅ 10µHz) accompanied by an increase
in the 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. When a glitch occurs, the parameters
previously obtained can no longer predict the ToAs. The pre-
and post-glitch sets of ToAs are described by di⇤erent timing
solutions, introducing a jump in ⇥ and ⇥̇ at the epoch of the
glitch. The parameters �⇥, �⇥̇ used to describe the glitch
are measured by extrapolating the solutions to this time. Al-
though not as widespread as timing noise, glitches have been
detected in more than 100 pulsars and present a very wide
range of relative sizes, 10�11 . �⇥/⇥ . 10�5.

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 [4]. 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.

As the number of detected glitches increased and the bet-
ter quality and sampling rate of observations made possible
the identification of glitches as small as 10�3µHz, a greater
variety of glitching behaviour has been revealed, mainly in
the relaxation process. Very unusual recoveries have been
observed, however they all follow events that have the char-
acteristic signature �⇥ > 0, �⇥̇ ⇤ 0 of a glitch. On the other
hand, changes �⇥̇ > 0 accompanying the glitch are measured
in ⌅10% of the total glitch population. This signature is
mostly seen in the recently reported small glitches, i.e. those
with �⇥/⇥ . 10�9. Such an initial decrease in the slow-down
rate is in contradiction with our current understanding of the
glitch phenomenon.

For part of the superfluid to act as a reservoir of angular
momentum its rotational rate ⇥

s

must be higher than the
observed ⇥

c

= 2⇤⇥
obs

, which represents the velocity of the
outer crust. Such di⇤erential rotation could occur in the inner
crust, where interaction with the lattice of nuclei is thought
to prohibit the slow-down of the superfluid at the same rate
as the rest of the star. The star’s rotational evolution is then
described by

I
c

⇥̇
c

(t) +

Z
⇥̇

s

(r, t)dI
s

= N
ext

(2)

1
•  Superfluid spin-down rate depends on:
    lag, coupling mechanism and temperature

•  At the glitch, the lag decreases: superfluid 
    temporarily decouples, then recouples at 
    the local timescale

•  Core: strong coupling       fast recovery
    Crust: weaker coupling      slow recovery   
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The glitch zoo

A study of 315 glitches in 102 pulsars 1691

Figure 6 – continued

ν̇ reversed by glitches of those pulsars exhibiting the largest glitch
activity is always less than 2 per cent suggests that low spin-down
rate objects are likely to present smaller or similar ratios. Conse-
quently, the glitch activity values estimated for one glitch having
"ν = 0.0004 µHz (white triangles) might represent realistic upper
limits.

5.2.1 Glitch spin-up rate and the characteristic age

Following the same procedure, the characteristic age τ c can be
used to divide the sample of pulsars, instead of ν̇. The sample
was divided in half-decades of τ c, and the results are shown in

Table 5 and in Fig. 12. As expected, due to the dependence of the
characteristic age on ν̇, the glitch spin-up rate decreases towards
large values of τ c. The curve, similar to that depending on ν̇, exhibits
a change of slope before becoming zero. The maximum spin-up rate
is found for pulsars with characteristic ages around 10 kyr and is
about 250 × 10−15 Hz s−1. Because in this case PSR J0537−6910
is included together with other pulsars of similar characteristic age,
the maximum glitch spin-up rate is about three times smaller than
the one obtained when grouping pulsars according to their spin-
down. The glitch activity of pulsars as young as the Crab (τ c ∼
1 kyr) appears to be lower than that of slightly older objects but still
large compared to the rest of the sample.
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Figure 6 – continued

ν̇ reversed by glitches of those pulsars exhibiting the largest glitch
activity is always less than 2 per cent suggests that low spin-down
rate objects are likely to present smaller or similar ratios. Conse-
quently, the glitch activity values estimated for one glitch having
"ν = 0.0004 µHz (white triangles) might represent realistic upper
limits.

5.2.1 Glitch spin-up rate and the characteristic age

Following the same procedure, the characteristic age τ c can be
used to divide the sample of pulsars, instead of ν̇. The sample
was divided in half-decades of τ c, and the results are shown in

Table 5 and in Fig. 12. As expected, due to the dependence of the
characteristic age on ν̇, the glitch spin-up rate decreases towards
large values of τ c. The curve, similar to that depending on ν̇, exhibits
a change of slope before becoming zero. The maximum spin-up rate
is found for pulsars with characteristic ages around 10 kyr and is
about 250 × 10−15 Hz s−1. Because in this case PSR J0537−6910
is included together with other pulsars of similar characteristic age,
the maximum glitch spin-up rate is about three times smaller than
the one obtained when grouping pulsars according to their spin-
down. The glitch activity of pulsars as young as the Crab (τ c ∼
1 kyr) appears to be lower than that of slightly older objects but still
large compared to the rest of the sample.
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The glitch zoo
Crab pulsar: Exponential decrease 
after initial recovery (Lyne+14)

J1119-6127: Anomalous recoveries 
Glitch induced pulse profile changes
(Weltevrede+12, D.A.+in prep)
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The glitch puzzle

•  Pinning and entrainment strength in the crust

•  Interaction of vortices with nuclear pasta 

•  Pinning of core’s vorticity ?

•  Thermal effects 
    (especially in regions close to the superfluid transition temperature) 

•  Relation to magnetosphere and emission changes    

•  Relation to crust quakes and magnetar activity 

                                                   and many more ....
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Pulsar Glitches                                                Open questions

The glitch puzzle - a way forward?

Realistic microphysical input 

+
hydrodynamic simulations

+
continuous monitoring

 (Lofar, SKA, ...)


