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Dipole  Spindown

I Wd W/dt = - 2/3 m2 W4 / c3

d W/dt = - k W3 braking index n = 3 

n ~ 2 – 3 ( a few young pulsars)

To determine the torque requires 
measurement of the second derivative of 
W- difficult, contaminated by noise.  

Compared to neutron stars in X-ray 
binaries, which spin up or down under 
noisy accretion torques, radio pulsars 
exhibit much quieter spindown. This 
allows the effects of the neutron star’s 
internal dynamics to be observed clearly 
in pulsar glitches and postglitch 
spindown. 

There is no evidence of change in 
electromagnetic signatures – no change 
in external torques concurrent with 
glitches.



Dany Page et al. 
http://www.astroscu.
unam.mx/neutrones



Current observations seem to support stiff equations of state – and rule out exotic neutron stars � A simple model with just 
a plain neutron superfluid/proton superconductor star: no pion-kaon condensates, quark  matter or core solid: central density 
of the neutron star is less than the transition densities for these exotic phases. 



The “sound” – pulses - of the Vela pulsar

http://www.jb.man.ac.uk/~pulsar/Education/Sounds/sounds.html



The first glitches from the Vela and Crab 
pulsars came in 1969: 
Vela Pulsar DW/W~ 10 – 6

Crab Pulsar :  DW/W~ 10 – 8 -10 – 9 



Glitch monitoring: neutron stars not only contain the most amount of 
superfluid at the highest observable densities and lowest temperatures.
They are also the most observedsuperfluid systems: 



Vela Pulsar glitches: DW/W~ 10 – 6 repeat about every two years. 
(There are also occasional  Crab-sized DW/W~ 10 – 9 glitches from Vela.)

Part of the glitch spin-up  DW NEVER relaxes back!



THE JUMP in the SPINDOWN RATE

| D(dW/dt) | / |dW/dt|i ~ a few 10 – 4 - 10 – 3 ~  I i /I total       (also for Crab ! )

Si I i /I total ~ 10 – 2   � crust superfluid

GLITCH RISE TIME < 2 min
� The rest of the star is coupled very tightly to the  observed crust.



POSTGLITCH RECOVERY

PROMPT RELAXATION with exponential relaxation times t i ~ hrs, few 
days, months. 

LONG TERM BEHAVIOR  I.
Persistent shifts: part of D(dW/dt) not relaxing at all. 
| D(dW/dt) |persistent/ |dW/dt| ~  a few 10 – 4 - 10 – 3 , 
associated with Crab glitches 

LONG TERM BEHAVIOR  II.
A part recovering slowly till the next glitch, with a constant d2W/dt2. The next 
glitch arrives roughly after the interglitch time interval

t g ~ |D(dW/dt) |long term/ d2W/dt2

20% accuracy , improves if persistent shifts ( I ) are allowed for 
(2007, 2006:  Vela, PSR 1737-30, PSR J 0537-6910).



MODELS   I : Starquakes

Solid component – crust/ core solid?- sudden quake, reduces 
moment of inertia- spinup. Associated diispation of elastic 
energy > observed X-ray luminosity for Vela glitches. Quakes 
are OK for Crab-size glitches. 

For Vela glitches, to have such huge events every two years, a 
much stronger solid than the neutron crust lattice is required �
a solid core for the neutron star? But then the amount of elastic 
energy to be dissipated in a Vela-sized glitch far exceeds the 
observed thermal X-ray luminosity of the Vela pulsar.

Starquake models do not explain the large Vela-sized glitches.



MODELS II: Vortex unpinning: 

Transfer of angular momentum from pinned 
superfluid to crust: 

Associated dissipation of rotational energy is 
consistent with observed limits on X-ray luminosity 
enhancement for Vela glitches.





Migdal (1959) :“It should be noted that superfluidity of nuclear matter may lead to some interesting cosmic 
phenomena if stars exist which have neutron cores. A star of this type would be in a superfluid state with a transition 
temperature corresponding to 1 MeV.”  
Ginzburg & Kirzhnits (1965) Gap estimate ~ exp (-1/N(0)V) ~1 MeV.

Type II superconductivity of the protons in the neutron star core is expected:   
Baym, Pethick and Pines 1969: normal crust matter conductivity high enough that the initial flux through the neutron 
star core is frozen.Estimates of the proton 1S0 gap  imply the protons form a Type II superconductor carrying an 
Abrikosov lattice of flux lines. 

First neutron superfluid gap 
calculations: 
Hoffberg, Glassgold, Richardson, 
Ruderman (1969):



Neutron star dynamics is governed by the motion of 
quantized vortex lines in the neutron superfluid. 

What determines the motion of vortex lines:

(i) Continuous interactionof vortex lines with ambient 
normal matter. 

(ii) Pinningat sites attractive for the vortex line. Vortex 
motion as statistical average of pinning and unpinning : 
vortex creep, and sporadic vortex discharges � glitches.

Pinning to nuclei in the neutron star crust, Ii / I ~ 10 - 3 , 
and to flux lines in the neutron star core.



Alpar (1977)







The pinning energy is of the order of 1 MeV at each pinning to a nucleus. 

There is a range of different effective pinning situations, characterized by 
w cr , the critical (maximal) lag in rotation rates between the superfluid 
and the crust lattice that can be sustained by the pinning. The Magnus 
equation of motion for vortices pinned to the lattice relates the pinning 
force per unit length of vortex line to the lag w cr :

Ep /  (b x ) = r k R w cr

b is the distance between pinnings along the vortex, 
x is the vortex radius (coherence length), 
r is the superfluid density,
k is the vortex quantum 
and R is the neutron star radius. 



PINNING REGIMES

i) Strong pinning, where the pinning energy per nucleus is 
enough to dislodge nuclei from lattice equilibrium sites so that
the vortex line pins to  nuclei  at  intervals of roughly the 
lattice spacing b ~ bz along the length of vortex line, 
b ~ bz , w cr ~ 1 rad/s  .

ii) Weak pinning. Nuclei not dislodged from equilibrium. 
Pinning at geometrically picked “random” sites, with  
b ~ bz

3 / (p x2 ),  w cr ~ 10 -1 rad/s. 

iii) Superweak pinning. x >> bz , w cr < 10 -2 rad/s. 

AND OTHERS: Interstitial. Pasta. Vortex tension. 2 quantum 
vortices.. RANGE of PINNING SITUATIONS…. 



VORTEX CREEP 

Equations of motion:  

Ic dWc /dt + Is dWs /dt = Next

dWs /dt = - nk <vr>/r = - 2Ws <vr> / r 

steady state:  

¥W=+=W=W ) /dt d ( ) I  /(IN  /dt  d   /dt  d scextcs



Vortex creep:

Pinning: superfluid is rotating faster.
If  vortex lines move outward superfluid will spin down. It is 
energetically favourable to reduce differential rotation 
between normal matter and superfluid. So there is an energy 
bias favouring vortex motions that are radially outward. 

Pinning energy at each pinning site = Ep

Energy bias: DE= Ep (Ws - Wc )/wcr = Ep (w /wcr )

<vr>= v0 {exp – [(Ep – DE) /kT] - exp – [(Ep + DE) /kT] }
= 2 v0 exp (– Ep / kT)  sinh [Ep (w / wcr ) /kT] 



Depending on the <vr> value required in the steady state,

vortex creep has linear and nonlinear regimes:

Linear: sinh [Ep (w / wcr ) /kT] ~ Ep (w / wcr ) /kT

Nonlinear:sinh [Ep (w / wcr ) /kT] ~ ½ exp [Ep (w / wcr ) /kT] .

Pulsar spindown, glitches and postglitch response involves 
nonlinear as well as linear creep. 

As a pulsar ages T(t) and | dW/dt| both decrease, in such a way 
that more and more of the neutron star pinning spectrum Ep(r) 
falls in the nonlinear creep regime: pulsars go nonlinear as they 
mature.

,r  / v 2 -    /dt d rs ><W=W¥



Linear regime:

dWs /dt = - 2Ws <vr> / r 
= - (4 Ws v0 / r ) exp (– Ep / kT) .[Ep (w / wcr ) /kT]

= - w / t
= - (Ws – Wc ) / t, 

defining a linear creep relaxation time

t = (4 Ws v0 / r ) -1 [kT wcr / Ep ]  exp (Ep / kT) .

In the linear regime the pinned superfluid behaves like a 
superfluid with continuous drag forces.  Linear response to 
glitch induced perturbations� exponential relaxation.



Nonlinear response is essential in understanding interglitch 
behaviour. Any perturbation dw to the superfluid-normal matter lag 
w can effectively stop creep, until the spindown of the normal 
component restores steady state creep conditions on a timescale t0 = 
dw / |dW/dt| .  
Response time-width t nonlinear= (kT/Ep) (wcr / |dW/dt| )

This is the signature observed in dW/dt if the glitch introduced a 
constant dw throughout the pinned superfluid: Fermi function�

What happens if the glitch induced offset is not uniform 
throughout the pinned superfluid? 

Nonlinear response to a ‘mean field’ uniform density of unpinned
vortices:  stacked Fermi functions  �





Postglitch relaxation of the spindown rate; 9 Vela pulsar glitches.
Data and fit: Sarah Buckner & Claire Flanagan, Hartebesthoek Radio Astronomy Observatory, South Africa 

t 1 = 0.49 d,       t 2 = 5.4 d, andt 3 = 49 d



Vortex Creep can explain spindown behaviour, glitches 
and postglitch response. It seems there is a universal 
behaviour regarding glitches of pulsars of all ages. 

The constant d2 W/dt2 interglitch
behavior sems universal among all older pulsars with 
glitch/interglitch data. 
(Alpar and Baykal 2006)



NEUTRON STAR CORE

Vortex lines are spontaneously magnetised by dragged proton supercurrent around 
neutron vortices. 
Electron scattering off vortex lines couples the neutron superfluid to the normal matter –
electrons – observed crust on timescales less than a minute,

t  ~  ( 400-10 000 ) P              [ proportional to (m*/dm)2 ! ]

Faster than the coupling time of a normal matter neutron star core! 

Two superfluids- He3-He4 Andreev & Bashkin 1975
Neutron Star application: Alpar, Langer & Sauls 1984



Pinning can also take place in the core, between neutron vortex lines and 
proton flux lines (Sauls 1988).  

Relevant to glitches and postglitch relaxation? Not likely: Does ~10-2 

correspond to “easy” directions? Are there easy directions? Toroidal field 
�� flux rings? “Easy” depends on B.WWWW, which cannot be universal for all 
pulsars.  

Flux line vortex line pinning may be relevant to something else, the 
evolutionary history of many neutron stars through the age of the 
Galaxy/galaxies, 109-1010 years. Millisecond pulsars- weak B-field neutron 
stars spun up by accretion, in low mass X-ray binaries, to almost breakup 
rotation rates (Alpar, Cheng, Ruderman, Shaham 1982; also Radhakrishnan 
& Srinivasan).





PERHAPS The field got reduced from 1012 G to 109 G as vortex 
lines pushed out the flux lines over a 108 year binary phase of 
neutron star spindown 
(Srinivasan, Bhattacharya, Muslimov & Tsygan 1990).

PERHAPS it is the interaction of the vortices in the two BCS 
superfluids coexisting in neutron stars that brings about the 
fastest cosmic rotation and produces the sounds of the spheres:

http://www.jb.man.ac.uk/~pulsar/Education/Sounds/sounds.html


