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Pulsar / Neutron stars
General aspects

� What are neutron stars?

� Typical values
� M ∼ 1.4M�
� R ∼ 10 km
� ρc ∼ (2 ÷ 10)ρ0

� P < 10 s
� T ∼ 108 K
� B ∼ 1012 gauss

� Why should we study them?
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Glitches
A first basic description

Ω

t

∆Ωgl

� The crust spins down gradually by
electromagnetic emission

� GLITCH = sudden jump in Ω

Typical values =⇒ Vela

� Ω ∼ 70 s−1

� Ω̇ ∼ 10−10 s−2

� ∆Ωgl ∼ 10−4 s−1 → ∆Ωgl/Ω ∼ 10−6

� tgl ∼ 3 yr (waiting time between two glitches)
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Why we study glitches
...and how to construct a good model

� We work at different levels:

� MICROPHYSICS inside a neutron star

� MESOSCOPIC approach

� MACROSCOPIC model
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Glitches
Basic picture

How to explain glitches?

“Starquake” models
� Reasonable only for small

glitches

Bulk superfluidity
� Works well with the “giant”

glitches of Vela

⇓

� The properties of superfluid matter reflect in a
macroscopic behavior
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Figure 13. The location of the giant glitching pulsars as iden-
tified by Espinoza et al. (2011) in the P − Ṗ diagram. This is
the population of pulsars that show large steps in the frequency
(∆ν ≈ 10−4 Hz) and always exhibit an increase in the spindown
rate after the glitch.

every few years, but the X-ray pulsar J0527-6910, which is
spinning down approximately an order of magnitude faster
glitches every few months, while the lower limits on slower
pulsars indicate that they may glitch every decade.

Naturally the situation will be complicated by the fact
that these pulsars also exhibit smaller glitches, which may
transfer part of the angular momentum before a giant glitch,
and by the fact that the critical lag will also depend, albeit
weakly (Pizzochero, Seveso & Haskell 2011), on the mass
and radius of the star. Given these limitation our model
would, however, appear to be consistent with the observed
inter-(giant)glitch waiting time.

Unfortunately the quality of the data does not allow to
fit for the short timescale transient terms in the relaxation
of giant glitches in any other pulsar but the Vela, so more
accurate tests are not currently possible. It would be of great
interest if such observations were to become possible with
the new generation of radio-telescopes such as LOFAR and
the SKA.

8 CONCLUSIONS

We have presented a hydrodynamical two fluid model of
pulsar glitches that can consistently model all phases of the
glitch itself. Our model can be successfully applied to the
giant glitches of the Vela pulsar, for which we can reproduce
the approximate waiting time between glitches, the size of
the glitch and the short term post-glitch relaxation. The
main assumption is that a giant glitch will occur once the
system exceeds the maximum lag that the pinning force in
the crust can sustain. This naturally gives rise to a waiting
time between glitches that depends on the pulsar spindown
rate (i.e. it is the time it takes the crust to spin down by the
required amount) and to a maximum size for the glitch. Both
these quantities depend only weakly on the mass and radius
of the star (Grill & Pizzochero 2011; Grill 2011; Pizzochero,
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Figure 14. We plot the approximate waiting time between
glitches for the pulsars that have shown multiple giant glitches,
as a function of the spin down rate. We also include two pulsars
that have shown only one glitch but also have a long baseline
for the observations and can thus provide us with an interesting
lower limit on the waiting time. The data appears consistent with
the notion that giant glitches can occur once a critical lag of ap-
proximately ∆Ω = 10−2 is reached. In fact the Vela like pulsars
glitch every few years, but the X-ray pulsar J0527-6910, which
is spinning down approximately an order of magnitude faster
glitches every few months, while the lower limits on slower pul-
sars indicate that they may glitch every decade. In fact the data
appears to be well described be a fit of the form y=A/x, with
A = 1.25256× 10−8 as shown in the figure.

Seveso & Haskell 2011) and our model can, in fact, reproduce
these features successfully also for the general population of
”giant glitchers”, i.e. the pulsars for which giant glitches
such as those of the Vela have been observed (Espinoza et
al. 2011).

In our model the coupling between the charged com-
ponent (which we assume to be rigidly rotating) and the
superfluid neutrons is given by the vortex-mediated mutual
friction. Our results suggest that the mutual friction will be
weak in the crust, possibly due to the fact that not all vor-
tices are free, but rather that the strong pinning force gives
rise to a situation in which most vortices are pinned and
only a small fraction can ’creep’ outwards. Only once the
maximum unpinning lag is exceeded can the vortices move
out freely; a process which can excite Kelvin oscillations and
give rise to a strong drag and recoupling of the two compo-
nents on a very short timescale, i.e. a glitch. The short term
post-glitch relaxation of the Vela, on the other hand, sug-
gests that the magnitude of the drag in the core of the NS is
consistent with theoretical expectations for electron scatter-
ing of magnetised vortex cores. Our model does not support
the notion that, at least on short timescales, a significant
number of vortices is pinned in the core (as could, for ex-
ample, be the case if one has a type II superconductor and
vortices cannot cross fluxtubes). Some vortices that cross
the core may however be weakly pinned to the crust, and
vortex repinning and creep may play a role on the longer
timescales associated with the recovery.

Another effect which will have an impact on the post-
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� The properties of superfluid matter reflect in a
macroscopic behavior
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Superfluidity and neutron stars
Properties of vortices

� Superfluidity is due to the existence of pairing gap ∆ due to Cooper pairs

� It is localized in the core and in the inner crust because here we have free n

� In the star we have the normal component and the superfluid one

� A rotating superfluid is organized in vortices

“Macroscopic” properties
� Macroscopic observables are

“quantized” in vortices
� v(x) = ~

2mn

N(x)
x

� Ωs(x) = ~
2mn

N(x)

x2
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Basic mechanism
...a qualitative description

Pinning force fP
� Only in the inner crust

� Interaction between vortices
and nuclei of the lattice

� Tend to hold the vortex in its
position

Magnus force fM
� Hydrodynamical lift on

vortices

� Tend to move a vortex
outward

� Grows as the star slow down
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Microscopic level

� Friction and entrainment between normal and superfluid components

� Study of the interaction nucleus–vortex

� Gain in energy when a nucleus is inside the vortex

� =⇒ Pinning force per site
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Mesoscopic level
The pinning force per unit length

Maximum pinning force

Fmax ≈
∆E

∆r

=⇒
new approach

Realistic case

〈F 〉 � Fmax
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Mesoscopic level
The pinning force per unit length

� Vortex–nuclei interaction

� 0.2÷ 5 MeV per interaction

� Rws ≈ 10÷ 40 fm

Average over all possible
orientations:

fp = 〈F 〉 =
1

4πL

∫
F (θ, φ) dΩ
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Glitch models
...static approach

The static “SNOWPLOW” model
� Use realistic pinning forces

� Macroscopic properties of superfluids

� Reproduce correctly the orders of magnitude of
observational data

� Jump size
� Interglitch time
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Glitch models
...reproduce a glitch

� Two–fluids model

� Integrate differential equations for neutron and protons
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� Follow the whole evolution

� Study and constraint the rise–time and recovery
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Conclusions

1

2

3

Better under-
standing of

giant glitches

Static
“snowplow”

model

Realistic
crust–pinning

Dynamical
model

� Pinning forces in the crust
∼ 1015 dyn/cm

� Static model that explains
observational data

� The dynamical model can
follow the whole evolution:
rise time and relaxation

Stefano Seveso Pulsar Glitches Prof. P. M. Pizzochero 13 / 14



Pulsar Glitches: pinning forces
in the snowplow model and dynamical simulations

Stefano Seveso

Dipartimento di Fisica
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