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Outline

Summary:

Why glitches (in radio pulsars) tell us something about rotating neutron stars?

Intrinsic difficulty: model the exchange of angular momentum that causes the glitch (mutual friction)

This topic will be addressed later by Vadym Khomenko within the framework of superfluid avalanches.

The many-scales (coherence length → stellar radius) problem will be better explored by Konrad.

Which microscopic input do we need?

Is it possible to use glitches to obtain “model-independent” statements about neutron stars interiors?

SPOILER: yes, we have at the moment 2 models:

1 – Activity test → “entrainment”

2 – Largest glitch test → “pinning forces”

Question: is it possible to go beyond these two tests? What can be done? 

This will partially be addressed by Alessandro Montoli (partially = by using a specific model)



Glitches – basic ideas 

Glitches are (to date) the only observational evidence for superfluidity in neutron stars:

Rapid cooling of Cas A seems to be excluded by more refined observations (Posselt & Pavlov, ApJ 2018)

Large Vela glitches cannot be explained with a change in the moment of inertia of the star: we need to identify 
an internal angular momentum reservoir (i.e. a component that can flow with respect to the observed one).

… but can quakes still be the triggers of glitches? See Elia Giliberti’s talk!

Glitches are indirect probes for NS internal physics: 

Indirect → we can only observe the angular velocity        of the normal component (degeneracy of models)

B. Shaw et al.  (2018) (EOS and M dependent)

“Mutual friction”:

“Spin-down”:

See Vadym Khomenko’s talk!



Glitches – mutual friction 

B. Shaw et al.  (2018) (EOS and M dependent)

“Mutual friction”:

“Spin-down”:

See Vadym Khomenko’s talk!



From vortex dynamics to hydrodynamics

(x = n or 
p)

Vortex dynamics is hidden inside mutual friction
(when all vortices are perfectly pinned the mutual friction is zero)

Andersson & Comer, Living Rev. Rel. (2008) 

Typical distance between vortices for a given period P 
measured in seconds

Modeling mutual friction is a hierarchical problem: 

microscopic scale (coherence length) → vortex 
separation → hydro scale (stellar radius)

Entrainment effect provides an extra non-dissipative coupling
See Aurélien Sourie’s talk!

For axially-symmetric models with rigid vortex lines, entrainment does not 
change the form of the equations (Antonelli & Pizzochero, MNRAS 464, 2017) 

but it only affects the value of 



 Strong pinning if the coherence length ξ of a vortex is 
smaller than the lattice spacing.

Idea: consider a segment of vortex line (the length L is 
given by the tension) and average over translations 
and rotations of the total pinning  force divided by L

Pinning forces             Seveso et al, Mesoscopic pinning forces in neutron star crusts, MNRAS (2016)

2 Rws ~ 90 – 20 fm

2 ξ ~ 20 – 200 fm

E
p
 ~ 3 – 0.02 Mev

Semiclassical approach of Donati & Pizzochero, Phys Lett B, 640 (2006)
LDA calculation: local Fermi momentum is a function of the neutron density

 
 

Energy contributions: 

→ negative condensation energy ~ Δ2 / E
F
   

→ kinetic energy of the irrotational vortex-induced flow 
→ Fermi energy E

F 
of neutrons

→ nuclear cluster energy (Woods-Saxon potential)

Uncertain Δ: modifies the strength and location of the pinning energies. 
Significant pinning occurs only in a restricted range: 0.07 n

0 
< n

B 
< 0.2 n

0
 

Alternative approaches: TDSLDA simulations of Wlazlowski et al, PhysRevLett.117 (2016) and Konrad Kobuszewski’s talk!
 

Pinning energy:



Ashton et al. Pys Rev D (2017) Espinoza et al. MNRAS (2011)

Glitch sizes

Consider the sample of all known glitches: there is a strong statistical evidence for bimodality of the distribution 
of glitch sizes. This may underlie a bimodality in the pulsar population or a difference in the glitch mechanism.

Large glitches with                                                         can be used to test the pinning forces inside the crust.

Large glitches - see also Alessandro Montoli’s talk!



Two different methods can be used to test our understanding of mesoscopic physics in the inner 
crust of a neutron star with glitch observations:

1 - Observed activity: provides a method to test the strength of entrainment coupling

Datta & Alpar Implications of the crustal moment of inertia for neutron stars EOSs (1993). [GR, no entrainment effect] 
Link et al. Pulsar Constraints on Neutron Star Structure and Equation of State (1999). [GR, no entrainment effect]
Chamel, Crustal Entrainment and Pulsar Glitches (2013). [GR, +entrainment effect]
Ho et al, Pinning down the superfluid and measuring masses using pulsar glitches (2015). [GR, cooling]

2 - Observed largest glitch amplitude: can be used to test the strength of pinning forces

Pizzochero et al. Constraints on pulsar masses from the maximum observed glitch (2017)                       [Newtonian, +pinning]
Antonelli et al. Effects of general relativity on glitch amplitudes and pulsar mass upper bounds (2018)            [GR, +pinning]

Two independent tests

Assuming crust-
confined

superfluidity
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First minute: black window

Overshoot? The “corotation” point sets an upper 
limit to the observed glitch amplitude

Instantaneous corotation 
of the two components

Entrainment → cannot change the total moment of inertia
→ does not change the unpinning threshold (at least for circular flows)

Hence, the theoretical maximum glitch amplitude depends 
only on the unpinning threshold and the total moment of inertia:

Constraints from the largest glitch: idea

Simulation of a Vela-like glitch:  Δf / f  ~ 10 −6   →  Δf ~ 10 −5  Hz based on the model in 
Antonelli & Pizzochero Axially symmetric equations for differential pulsar rotation (2017)
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Solve TOV 
and obtain 

the spherical 
profiles

Obtain the 
cylindrical 

profiles needed 
to simulate the 

dynamical 
equations

Macroscopic quantities: 
functions of cylindrical radius
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Microscopic quantities: 
functions of density

Details: Antonelli & Pizzochero, Axially symmetric equations for differential pulsar rotation (2017)

Wish-list (or some equivalent information of course):



Maximum glitch amplitude at corotation:

→ Only dependent on pinning forces 
              and on the mass of the star

→ Entrainment independent

→ No need to consider straight 
              vortex lines

→ As long as pinning is crust-confined 
    the maximum glitch amplitude does not         

             depend on the extension of vortices in the     
             outer core

Pizzochero, Antonelli, Haskell, Seveso, Constraints on pulsar masses from the maximum observed glitch (2017)

Constraints from the largest glitch: results



Relativistic corrections in a nutshell

Each component has 4-velocity (p is rigid, n can rotate non-uniformly)

The idea is to select the contribution of the superfluid to the total angular momentum

Namely

… but the momenta contain the entrainment coupling and a Lorentz factor

In principle the angular momentum is not a linear functional of the lag → Hartle slow rotation:

Antonelli M., Montoli A., Pizzochero P.M. Effects of general relativity on glitch amplitudes and pulsar mass upper bounds (2018)



The unpinning condition for slack vortices is:

The corresponding maximum glitch amplitude is:

Antonelli M., Montoli A., Pizzochero P.M. Effects of general relativity on glitch amplitudes and pulsar mass upper bounds (2018)

Constraints from the largest glitch: GR corrections



Why is it useful to have two different tests?



Summarizing

Both methods are robust and independent, as well as based on the same simplifications of the full multifluid 
problem (static and circular spacetime and fixed stratification at chemical equilibrium).

The two methods can only give upper bounds on the mass of glitching pulsars.

Activity test: 

Assuming only crustal pinning, the current estimates of m* are too high. However:
→ neutron pairing has been neglected.
→ the fact that neutrons can flow trough the nuclei can be accounted for with an hydro approach which gives 

             much lower m* (Martin & Urban Superfluid Hydrodynamics in the inner crust of NS – 2016)

Message: the large activity of Vela provides a test for newly calculated entrainment parameters. However, 
entrainment parameters seem quite secure (Nicolas Chamel’s talk!), so we conclude that the crust is not enough.

Largest glitch amplitude test:

Message: the largest glitch provides a test for newly calculated pinning forces.
  
The “mass upper bounds” do not depend on the geometry and extension of pinned  vorticity: slack and straight 
vortices give the same results.

Assuming only crustal pinning, the forces of Seveso et al. are enough… however thermal creep or turbulence may 
dynamically lower the maximum reservoir.

Common message: there is the need to extend the superfluid reservoir into the outer core, as will be discussed 
by Vadym: Haskell, Khomenko, Antonelli, Antonopoulou, Core and crust contributions in pulsar glitches (2018)
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If only the crustal superfluid is taken into account:

Activity method: test for entrainment parameters in the crust:

Entrainment correction is encoded into the moment of inertia.
Note that the integration domain is settled by the superfluid density!       

Cumulated glitch amplitude of Vela

Entrainment parameters: Chamel, N. (2012). 

Neutron conduction in the inner crust of a neutron star 

in the framework of the band theory of solids. 
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First minute: black window

Overshoot? The corotation point sets an upper limit 
to the observed glitch amplitude

Instantaneous corotation 
of the two components

Consider the total angular momentum equation: 

Conserve angular momentum during a glitch:

Maximize it:  

Upper limit on observed glitch amplitudes



Unified EOSs

Unified EOSs of catalysed matter for application to non-accreting and non-magnetised cold Nss:

→ Outer crust: based on the seminal BPS model (Baym,1971). Assumption: BCC and full ionization.
         

→  based on effective density-dependent NN force with parameters fitted on nuclei properties 

→ Semiclassical approach: BSk20, BSk21: ETF + Strutinski integral + Eff. Skyrme force 
Goriely, et al. Phys. Rev. C88 (2013)

→ Classical approach (compressible liquid drop model): SLy: based on the effective NN interaction SLy4
Douchin & Haensel, A&A 380 (2001)

Astrophysical implications:
Fantina et al. (2013) Neutron star properties
with unified equations of state of dense matter 



Slow rotation approximation

Original framework of Hartle & Sharp, 1967: one perfect fluid that is rigidly rotating

Two-components generalization: Andersson & Comer, Slowly Rotating General Relativistic Superfluid NSs (2000) 

Kepler frequency (rotation rate at which 
mass-shedding sets in at the equator) 

deduced from calculations using 
realistic EOS



Relativistic corrections: mass upper bounds
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Chamel N. Neutron conduction in the inner crust of a neutron star in 
the framework of the band theory of solids, Phys Rev C 85 (2012)

Bragg scattering by crustal lattice,  non-local m* > 1

→ Consequence: the crustal superfluid is entrained by the normal 
component: reduced mobility of free neutrons is a potential problem 
for pulsar glitch theory.
   

Chamel N., Haensel P. Entrainment parameters in a cold superfluid neutron 
star core, Phys. Rev. C 73 (2006).

Entrainment is due to the strong interaction between protons and neutrons

Very different mechanism: actually more similar to the original A&B idea

Local effect, m*<1

→ Consequence #1: Scattering of electrons off vortex cores: the core is 
coupled to the crust on the timescale of a second. 
Alpar et al. Rapid postglitch spin-up of the superfluid core in pulsars(1984)

→ Consequence #2: Dipole-dipole interaction with flux-tubes (core pinning?)

Entrainment coupling: crust and core



Pulsar parameters

Pizzochero, Antonelli, Haskell, Seveso, Constraints on pulsar masses from the maximum observed glitch, 

Nature Astronomy 1 (2017)



The 52 large glitchers
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