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Pulsar Timing 

• Time of Arrival (TOA) registered for 
each pulse


• Pulsar spins down due to the 
emission of EM (and GW?) 
radiation
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What is happening?

•Superfluids rotate by forming quantised vortices


•Vortex density determines spin : vortices must move 
out to spin down the fluid!
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What is happening?

•Superfluids rotate by forming quantised vortices


•Vortex density determines spin : vortices must move 
out to spin down the fluid!
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Observed

Internal lag before the glitch

MoI of superfluid reservoir

Depends on pinning force



Sizes - what can we learn

•Glitch sizes in most pulsars span several orders of 

magnitude - distribution consistent with a power law 
(waiting times exponential)


• In a handful of systems there appears to be a 

characteristic size, and a regular process (e.g. Vela)


[Fuentes et al. 2017]

[Antonopoulou et al. 2022- submitted]

Vela

[Howitt et al. 2018]



Triggers

•Vortex avalanches can lead to scale independent behaviour 


•Rapidly driven systems only glitch once they reach the maximum of the 

pinning force? (snowplow)


[Melatos et al. 2008, Warszawski & Melatos 2011, 2013 ]

[Pizzochero 2011] …or instabilities [Glampedakis et al. 2009]

[Lonnborn, Haskell and Melatos 2019]
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Activity

• If we include strong entrainment, the crust is 
not enough to explain the activity of the Vela 
pulsar - are quasi-periodic glitches triggered 
in the crust? [Andersson et al. 2012, Chamel 2013]
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Entrainment: 
large=few conduction neutrons[Antonopoulou et al. 2022- submitted]



Measuring masses

• From the angular momentum reservoir we 
can estimate NS masses         

[Ho et al. 2015]

[Pizzochero, Antonelli, BH & Seveso 2016]



Recoveries

{
fast (~mins) recovery  
seen in some Vela glitches 

persistent  
change

quasi-linear recovery

quasi-exponential recoveries 
on various timescales (days, months) 
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[Antonopoulou et al. 2022- submitted]

• Long timescales first suggested superfluid coupling

• Creep theory by Alpar and collaborators [Alpar et al. 1984] successful in 

describing relaxations. Vortices ‘creep’ out, coupling can be linear or non-linear



Equations of motion
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Important in the crust!
[Chamel 2012]
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Vortex accumulation:
Burgers like term, gives propagation 

of vortex fronts
[Khomenko & BH, 2018]



Short timescale behaviour

• Rise constrained to less than 12 s


• Recovery suggests a decoupled component


• Possible core origin?


• Possible precursor

Vela 2016 glitch

[Ashton et al. 2019, Montoli et al. 2020]

[Palfreyman et al. 2018]

• Slow rise


• Suggests crustal origin

Crab 2017 glitch
[Shaw et al. 2018]

[BH et al. 2018]

• Do crust-quakes play a role?


[Akbal and Alpar, 2018]



Long timescale behaviour

Vela Pulsar

•Evolution with constant            Effect of non-linear creep? 

•Using the creep model one can also predict the time of the next glitch 

•Sign of a threshold process? Correlation between size and waiting time in J0537-6910

⌫̈ [Akbal et al. 2017]

[Antonopulou et al. 2017]

[Antonopoulou et al. 2022- submitted]



Turbulence

Work by Vadym Khomenko, Warsaw
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Turbulence

• The form of the  Mutual Friction force changes with turbulence

Fi = Ls hfiiS + Lr hfiiR
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[BH, Antonopoulou & Barenghi, 2021]



•Non linear simulations confirm that the turbulent model is a better fit to relaxations

1975 1996

[BH, Antonopoulou & Barenghi, 2021]

•Comparison needed to more pulsars [Lower et al. 2021]

•Correlation predicted between        and waiting time since previous glitch⌫̈



Conclusions
•Sizes and statistics can help probe the trigger mechanism


•only one or more? (vortex avalanches, instabilities etc..)


•crust or core?


•model independent tests? Meta-models developed in Melbourne 


•Relaxations probe superfluid coupling


•How ‘fast’ is the mutual friction? do regions of the star decouple? 


•What happens at late times? Non linear creep may play a role. Does 
turbulence play a role?


•Quantitative statements require models in GR
[Sourie et al. 2017, Gavassino et al. 2020]

[Celora et al. 2020]

[Melatos et al. 2018, Carlin and Melatos 2019, 2020]


