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Learning physics from zombie stars 
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Observational constraints  
on superfluid parameters 
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Mature neutron stars are �cold� (108K<< TFermi=1012K) so they should be either 
solid or superfluid. 
 

Anticipated since 1950’s; nuclear physics calculations indicate �BCS-like� 
pairing gaps for neutrons and protons. 
Evidence from cooling (the curious case of Cas A) and timing variability 
(pulsar glitches). 
Can we use observations to constrain theory? 
 
 

Crust – superfluid neutrons 
(singlet) coexist with nuclear lattice 
Outer core – superfluid neutrons 
(triplet) coexist with 
superconducting protons 
Inner core – possible exotic 
phases, like colour superconducting 
quarks 
 
 
 



glitches 
“Standard” model for glitches involves transfer of angular momentum from 
an internal superfluid component (rotating via vortices) to the star’s crust.  

 

1.  the crust slows down due to magnetic braking 

2.  the superfluid can only spin down if  vortices move outwards   

3.  if the vortices are pinned (to the crust),  the superfluid lags behind  

4.  at some critical level, a large number of vortices are  released. As a result the 
crust is spun up.  

No quantitative models explain the range of observed behaviour… 

Giant glitchers
Narrow size distributions.

Quasi periodic behaviour. Waiting times 
consistent with reaching critical lag.

Permanent spindown 
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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 approxi-
mately ∆Ω = 10−2 is reached. In fact the Vela like pulsars glitch
every few years, but the X-ray pulsar J0527-6910, which is spin-
ning down approximately an order of magnitude faster glitches
every few months, while the lower limits on slower pulsars indi-
cate that they may glitch every decade. In fact the data appears
to be well described by a fit of the form y=A/x, as shown in
the figure, with y the waiting time in seconds, x the frequency
derivative and A = 1.082212 × 10−3 Hz.

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, effectively decoupling the
core and the crust). A detailed analysis of the case in which
the core consists of a type II superconductor will be a focus
of future work in order to obtain more quantitative results
and constraints on NS interior physics. Some vortices that
cross the core may however be weakly pinned to the crust,
and vortex repinning and creep (also in the core) may play
a role on the longer timescales associated with the recovery.

Another effect which will have an impact on the post-
glitch recovery is the Ekman flow at the crust-core inter-
face. This effect has been shown to be important in fitting
the post glitch recovery of the Vela and Crab pulsars by
van Eysden & Melatos (2010) and future adaptations of our

model should relax the rigid rotation assumption for the
charged component and include the effect of Ekman pump-
ing. Further developments should also include more realistic
models for the drag parameters in the star, as the density
dependence of the coupling strength clearly has an impact
on the amount of angular momentum that can be exchanged
on different timescales. Truly quantitative results could then
be obtained with the use of realistic equations of state to-
gether with consistent estimates of the pinning force, such
as those of (Grill & Pizzochero 2011) and (Grill 2011).

Note that we have assumed that a giant glitch only
occurs when the maximum critical lag is reached. If unpin-
ning could be triggered earlier, this could generate smaller
glitches. In fact cellular automaton models have shown that
the waiting time and size distributions of pulsar glitches can
be successfully explained by vortex avalanche dynamics, re-
lated to random unpinning events (Warszawski & Melatos
2010; Melatos & Warszawski 2009; Warszawski & Melatos
2011). It would thus be of great interest to use our long-term
hydrodynamical models, with realistic pinning forces, as a
background for such cellular automaton models that model
the short-term vortex dynamics. Such a model could then
also be extended to model not only large pulsar glitches,
but more generally pulsar timing noise, an issue that is of
great importance for the current efforts to detects GWs with
pulsar timing arrays (Hobbs et al. 2010).

Finally, the next generation of radio telescopes, such as
LOFAR and the SKA, is likely to provide much more precise
timing data for radio pulsars and is likely to set much more
stringent constraints on the glitch rise time and short term
relaxation, thus allowing us to test our models and probe
the coupling between the interior superfluid and the crust
of the NS with unprecedented precision.
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For systems that exhibit regular 
(large) glitches, like Vela, the 
data is “consistent” with a 
vortex “unpinning” model with 
a critical lag as trigger.  

Suggest unpinning of vortices at 
relative rotation;  

 
  
ΔΩ Ωp ≈ 5×10
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In good agreement with vortex pinning 
model, with critical lag as trigger.

Large glitches: 
            young,  Vela-like pulsars

Friday, 1 August, 14

Still far from detailed picture; 
What triggers the glitches in the 
first place? 
How is the angular momentum 
transferred? 

[Espinoza+]	



	
	
Vortex simulations (Gross-Pitaevskii), suggest vortices move in “avalanches”. 
Would explain why glitches come in a distribution of sizes... 

... but the dissipation mechanism in the model is ad hoc and there are questions 
about scaling the results to neutron stars (from fluid element to 10km). 

[Haskell+]	

[Espinoza+]	



two-fluid model 

∂tnx +∇i (nxvx
i ) = 0

(∂t + vx
j∇ j )pi

x +∇i (Φ + µx ) + εxwj
yx∇ivx

j = fi
x

where the relative velocity is                             and the momenta are given by yx y x
i i iw v v= −

This encodes the entrainment effect, due to which the velocity of each fluid 
does not have to be parallel to its momentum.  

Can be thought of in terms of an “effective mass”; 

 

*
p p p p p( )n m mρ ε = −

x x yx
x i i ip v wε= +

Need hydrodynamics: Phenomenological model inspired by classic two-fluid 
model for superfluid Helium (atoms and the excitations, e.g. phonons).  

—   electrons/muons in the core are coupled (electromagnetically) to the 
 protons on very short timescales 

—   vortices and fluxtubes are  sufficiently dense that smooth-averaging can be 
 performed 



3. proton current !

generates magnetic field

2. entrained protons !

dragged around vortex

1. quantised neutron circulation

4. electrons scatter !

dissipatively off magnetic field

In a superfluid, the presence of vortices leads 
to �mutual friction�. 
Standard form (for a straight vortex array); 
 
 
 
where 
 

 
―  electron scattering off vortices leads to R<<1 
―  vortex/fluxtube interaction may lead to a 

 stronger effect (velocity dependent) 
 
 

  

Compared to the Navier-Stokes equations, a multi-fluid system may have 
many additional dissipation channels (largely unexplored!).  
 

mutual friction 

fi
mf = R

1+ R2 ε ijk
ω n
jε klmω l

nwm
np

                               

ω n
i = ε ijk∇ j pk

n

                               + R2

1+ R2 ε ijkω n
jwnp

k



Usual form for mutual friction leads to a model that predicts that the system 
evolves according to  

 

 

 

Much faster than the observed relaxation time in, for example, the Vela 
pulsar (weeks/months), so glitches may not be associated with the core…  

n *
n p np npv

p
p p p

...
  ...

...
t i i

t i i
t i i

n p f m B n
w w

n p f m x
κ∂ + =

→ ∂ + ≈ −
∂ + = −

2 1 61/6*
p p

* 14 3
p p

10 ( )
0.05 10 g cmd

m x
t P s

m m
ρ

−−⎛ ⎞ ⎛ ⎞⎛ ⎞≈ ⎜ ⎟ ⎜ ⎟⎜ ⎟⎜ ⎟− ⎝ ⎠ ⎝ ⎠⎝ ⎠

following a glitch event. This corresponds to a typical coupling timescale  

 

relaxation 

The standard view is that glitches are a manifestation of the (singlet) superfluid 
that permeates the crust. The interaction with the crust nuclei is expected to 
provide the required vortex pinning. 



the crust is not enough 
For systems that glitch regularly, one can 
estimate the moment of inertia of the superfluid 
component.  
Need to involve up to 2% of the total moment of 
inertia.  

The crust superfluid would be sufficient to 
explain the observations; as long as we do not 
worry about entrainment.  

2

sents the charged component (including the elastic crust)
which is spun down electromagnetically. Labelling this
component by an index p, we have

IpΩ̇p = −aΩ3
p −Npin −NMF (1)

where the first term on the right-hand side represents the
standard torque due to a magnetic dipole (the coefficient
a depends on the moment of inertia, the magnetic field
strength and its orientation; we assume that these param-
eters do not evolve with time). We also have a superfluid
component, with index n, which evolves according to

InΩ̇n = Npin +NMF (2)

On the right-hand sides of these equations we have added
terms representing torques associated with vortex pin-
ning (Npin) and dissipative mutual friction (NMF) asso-
ciated with scattering off of the vortices in the superfluid.
We will not need explicit forms for these in the following.
Glitches can be understood as a two-stage process. In

the first phase the superfluid vortices are pinned. This
means that Npin is exactly such that Ω̇n = 0. That is,
the pinning force counteracts the friction which tries to
bring the fluids into co-rotation. The upshot is that the
crust evolves according to

IpΩ̇p = −aΩ3
p −→

1

Ω2
p

−
1

Ω2
0

=
2a

Ip
(t− t0) (3)

Assuming that a system starts out at co-rotation (with
spin Ω0 at time t0), we can estimate how the spin-lag,
∆Ω = Ωn−Ωp, between the two components evolves with
time. As long as the spin-lag is small we have ∆Ω/Ωp ≈
tglitch/2τc where tglitch is the interglitch time and τc =
−Ωp/2Ω̇p is the characteristic age of the pulsar.
At some point, this lag reaches a critical level where

the vortices unpin. The two components then relax to
co-rotation on the mutual friction timescale (which may
be as fast as a few hundred rotations of the system [10]).
This transfers angular momentum from the superfluid
reservoir to the crust, leading to the observed glitch. As-
suming that angular momentum is conserved in the pro-
cess (such that the entire spin-lag∆Ω drives the observed
glitch jump ∆Ωp) we have

Ip∆Ωp = In∆Ω −→
∆Ωp

Ωp
≈

In
I

tglitch
2τc

(4)

where I = In+Ip is the total moment of inertia (we have
assumed a small superfluid reservoir, i.e. I ≈ Ip).
Let us compare this model to observations. To do this,

we assume that we see a number of glitches in a given sys-
tem during an observation campaign lasting tobs. Then
we can work out the accumulated change in the observed
spin due to glitches, and relate the result to the simple
two-component model. From (4) we then have

In/I ≈ 2τcA where A =
1

tobs

(

∑

i

∆Ωi
p/Ωp

)

(5)

PSR τc (kyr) A (×10−9/d) In/I (%)

J0537-6910 4.93 2.40 0.9

B0833-45 (Vela) 11.3 1.91 1.6

J0631+1036 43.6 0.48 1.5

B1338-62 12.1 1.31 1.2

B1737-30 20.6 0.79 1.2

B1757-24 15.5 1.35 1.5

B1758-23 58.4 0.24 1.0

B1800-21 15.8 1.57 1.8

B1823-13 21.5 0.78 1.2

B1930+22 38.8 0.95 2.7

B2229+6114 10.5 0.63 0.5

TABLE I: Inferred superfluid moment of inertia fraction for
glitching pulsar which have exhibited at least two (large)
events of similar magnitude. The data is taken from [1] (up-
dated to included a few more recent events [11]), c.f., Figures 1
and 2. We give each pulsars name, the characteristic age, τc,
the averaged rate of spin-reversal due to glitches, A, and the
moment of inertia ratio In/I obtained from (5).

For systems that have exhibited at least two glitches of
similar magnitude [1] we can estimate the average rever-
sal in spindown due to (large) glitches per day of obser-
vation, A. This leads to the inferred moment of inertia
fractions listed in Table I. For some systems, like the
Vela pulsar and the X-ray pulsar J0537-6910, the esti-
mate should be quite reliable given the number of glitches
exhibited and their regularity. In other cases, the data is
less impressive, as is clear from Figure 2. Nevertheless,
the message seems clear: Glitches require the superfluid
component to be associated with at least 1-1.5% of the
star’s moment of inertia. This agrees with the conclu-
sions of [6]. In addition, the data seems consistent with
the idea of an angular momentum reservoir that is com-
pletely exhausted in each event. If this is not the case
then it is difficult to explain why the recurring glitches
have such similar magnitude.

51500 52000 52500 53000 53500
0

2000

4000

6000

45000 50000 55000
0

10000

20000

30000

J0573-6910 B0833-45

FIG. 1: The accumulated
∑

i
∆Ωi

p/Ωp (×10−9) as a function
of Modified Julian date for the X-ray pulsar J0537-6910 and
the Vela pulsar (B1833-45). The fits that lead to the slopes
(A) listed in Table I are shown as straight lines.

The role of entrainment.– Let us now ask what the
influence of a “heavy” superfluid may be. That is, let us
account for the entrainment coupling. At the level of the
averaged two-component model, the entrainment can be

However, the large effective neutron mass in the crust (due to Bragg scattering of 
neutrons by the nuclear lattice) lowers the effective superfluid moment of inertia 
by a factor of 5 or so. This is problematic.  
 1.  A fraction of the core superfluid could be involved, but 

why would the glitches be “the same size”? 

2.  The (singlet) pairing gap could lead to a smaller superfluid 
region, just large enough to explain the observations.  

3.  Lack of “precision”: Need more accurate “parameters”. 

                          
 



Possible resolution: Involve only the singlet superfluid in the crust + outer 
region of the core.  
The data can then be turned into a constraint on the superfluid pairing gap 
(provided one has some idea of the star’s temperature, and assuming that the 
angular momentum reservoir is exhausted in each glitch event). 
Interestingly, most available gap models fail this test.  

If we take the pairing gap as given, we can infer the mass of a glitching pulsar. 

mind the gap 



The system becomes turbulent (overwhelming evidence from experiments), 
and the mutual friction may have a different form; 

22
3 2 pnn 1

pn
2

8
3i if B w wπ ρ χ
κ χ

⎛ ⎞
= ⎜ ⎟

⎝ ⎠
Leads to non-exponential relaxation (locally)... 

Need to understand polarised turbulence (more complicated “averaging”). 

Unfortunately... the vortices are unlikely to form a regular array. 

If there is a large scale flow along the vortex array, then short wavelength 
inertial modes become unstable (Glaberson-Donnely).  

turbulence 



superfluid instability 
Global r-mode calculation for 
model with mutual friction and 
different  background rotation rates 
shows that short wave-length 
become dynamically unstable 
beyond critical rotational lag in 
system with strong coupling. 

Balance mode growth and shear 
viscosity damping to get; 

  
2/3 4/3

n p 5
8

p critical

6 10
0.1s 10 K
P T −

−Ω −Ω ⎛ ⎞ ⎛ ⎞≈ × ⎜ ⎟ ⎜ ⎟Ω ⎝ ⎠ ⎝ ⎠

Plausible link to the mechanism that triggers pulsar glitches and the onset of 
vortex turbulence. 



882 G. Ashton, D. I. Jones and R. Prix

Figure 1. Observed data for PSR B1828−11 spanning from MJD 49710
to MJD 54980. In panel A, we reproduce the spin-down rate with error bars
and in panel B the beamwidth W10 (for which no error bars were available).
All data courtesy of Lyne et al. (2010).

equations with the spin-down rate being one governing variable.
This further motivates the precession model since it results from
applying Euler’s three rigid body equations to a non-spherical body
(Landau & Lifshitz 1969).

The precession hypothesis was challenged by Lyne et al. (2010)
when reanalysing the data. They noted that in order to measure
the spin-down and beam shape with any accuracy required time-
averaging over periods ∼100 d, smoothing out any behaviour acting
on this time-scale. Motivated by the intermittent pulsar B1931+24,
they put forward the phenomenological hypothesis that instead the
magnetosphere is undergoing periodic switching between (at least)
two metastable states. Such switching would result in correlated
changes in the beamwidth and spin-down rate. They returned to
the data and instead of studying a time-averaged beam shape pa-
rameter as done by Stairs et al. (2000), they instead considered the
beamwidth at 10 per cent of the observed maximum W10. This quan-
tity is time-averaged, but only for each observation lasting ∼1 h.
This makes W10 insensitive to any changes which occur on time-
scales shorter than an hour. If the metastable states last longer than
this, W10 will be able to resolve the switching. The relevant data
were kindly supplied to us courtesy of Lyne et al. (2010), and are
reproduced in Fig. 1. From these observations, Lyne et al. (2010)
concluded that the individual measurements of W10 for B1828−11
did in fact appear to switch between distinct high and low values,
as opposed to a smooth modulation between the values, with this
switching coinciding with the periodic changes in the spin-down. On
this basis, they interpret the modulations of B1828−11 as evidence
it is undergoing periodic switching between two magnetospheric
states. When studying another pulsar which also displays double-
peaked spin-down modulations, Perera et al. (2015) extended the
switching model, as discussed in Section 3.2, to be capable of pro-
ducing the double-peaked spin-down rate; it is this modification of
the switching model which we will be comparing with precession.

In our view, it is not immediately clear by eye whether the data
presented in Fig. 1 are sufficient to rule out or even favour either of
the precession or switching interpretations. For this reason, in this
work we develop a framework in which to evaluate models built
from these concepts and argue their merits quantitatively using
a Bayesian model comparison. We note that a distinction must be
made between a conceptual idea, such as precession, and a particular

predictive model built from it. As we will see, each concept can
generate multiple models, and furthermore we could imagine using a
combination of precession and switching, with the precession acting
as the ‘clock’ that modulates the probability of the magnetosphere
being in one state or the other, an idea developed by Jones (2012).
The models considered here cover the precession and switching
interpretations, but we do not claim the models to be the ‘best’ that
these hypotheses could produce.

The rest of the work is organized as follows: in Section 2 we
will describe the framework to fit and evaluate a given model, in
Section 3 we will define and fit several predictive models from
the conceptual ideas, and then in Section 4 we shall tabulate the
results of the model comparison. Finally, the results are discussed
in Section 5.

2 BAY E S I A N M E T H O D O L O G Y

We now introduce a general methodology to compare and evaluate
models for this form of data. The technique is well practised in
this and other fields, and so in this section we intend only to give a
brief overview; for a more complete introduction to this subject, see
Jaynes (2003), Gelman et al. (2013) and Sivia & Skilling (1996).

2.1 The odds ratio and posterior probabilities

There are two issues that we wish to address. First, given two mod-
els, how can one say which is preferred, and by what margin? Sec-
ondly, assuming a given model, what can be said of the probability
distribution of the parameters that appear in that model?

We can address the first issue by making use of Bayes theorem
for the probability of model Mi given some data:

P (Mi |data) = P (data|Mi)
P (Mi)
P (data)

. (1)

The quantity P (data|Mi) is known as the marginal likelihood of
model Mi given the data.

In general, we cannot compute the probability given in equation
(1) because we do not have an exhaustive set of models to calculate
P(data). However, we can compare two models, say A and B, by
calculation of their odds ratio:

O = P (MA|data)
PMB |(data)

= P (data|MA)
P (data|MB )

P (MA)
P (MB )

. (2)

In the rightmost expression, the first factor is the ratio of the marginal
likelihoods (also known as the Bayes factor) which we will discuss
shortly, while the final factor reflects our prior belief in the two
models. If no strong preference exists for one over the other, we
may take a non-informative approach and set this equal to unity. We
will follow this approach in what follows below.

We need to find a way of computing the marginal likelihoods,
P (data|Mi). To this end, consider a single model Mi with model
parameters θ , and define P (data|θ ,Mi) as the likelihood function
and P (θ |Mi) as the prior distribution for the model parameters.
We can then perform the necessary calculations by making use of

P (data|Mi) =
∫

P (data|θ ,Mi)P (θ |Mi) dθ . (3)

The likelihood function can also be used to explore the second
issue of interest, by calculating the joint probability distribution
for the model parameters, also known as the posterior probability
distribution:

P (θ |data,Mi) = P (data|θ ,Mi)P (θ |Mi)
P (data|Mi)

. (4)
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Figure 1. Observed data for PSR B1828−11 spanning from MJD 49710
to MJD 54980. In panel A, we reproduce the spin-down rate with error bars
and in panel B the beamwidth W10 (for which no error bars were available).
All data courtesy of Lyne et al. (2010).

equations with the spin-down rate being one governing variable.
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this basis, they interpret the modulations of B1828−11 as evidence
it is undergoing periodic switching between two magnetospheric
states. When studying another pulsar which also displays double-
peaked spin-down modulations, Perera et al. (2015) extended the
switching model, as discussed in Section 3.2, to be capable of pro-
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predictive model built from it. As we will see, each concept can
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We now introduce a general methodology to compare and evaluate
models for this form of data. The technique is well practised in
this and other fields, and so in this section we intend only to give a
brief overview; for a more complete introduction to this subject, see
Jaynes (2003), Gelman et al. (2013) and Sivia & Skilling (1996).

2.1 The odds ratio and posterior probabilities

There are two issues that we wish to address. First, given two mod-
els, how can one say which is preferred, and by what margin? Sec-
ondly, assuming a given model, what can be said of the probability
distribution of the parameters that appear in that model?

We can address the first issue by making use of Bayes theorem
for the probability of model Mi given some data:
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The quantity P (data|Mi) is known as the marginal likelihood of
model Mi given the data.
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In the rightmost expression, the first factor is the ratio of the marginal
likelihoods (also known as the Bayes factor) which we will discuss
shortly, while the final factor reflects our prior belief in the two
models. If no strong preference exists for one over the other, we
may take a non-informative approach and set this equal to unity. We
will follow this approach in what follows below.

We need to find a way of computing the marginal likelihoods,
P (data|Mi). To this end, consider a single model Mi with model
parameters θ , and define P (data|θ ,Mi) as the likelihood function
and P (θ |Mi) as the prior distribution for the model parameters.
We can then perform the necessary calculations by making use of

P (data|Mi) =
∫

P (data|θ ,Mi)P (θ |Mi) dθ . (3)

The likelihood function can also be used to explore the second
issue of interest, by calculating the joint probability distribution
for the model parameters, also known as the posterior probability
distribution:

P (θ |data,Mi) = P (data|θ ,Mi)P (θ |Mi)
P (data|Mi)

. (4)

MNRAS 458, 881–899 (2016)

 at U
niversity of W

ashington on July 18, 2016
http://m

nras.oxfordjournals.org/
D

ow
nloaded from

 

Strongest observational evidence (?): 1009d (or 500d) periodicity in PSR 
B1828-11 

Free precession is the most general motion of a solid body. (�Chandler wobble�) 
Neutron star will precess if the crust is deformed in some way. Expect small 
deformations and long period precession. 
 

Since the precession motion is a normal mode of the coupled core-crust system 
it depends on the interior dynamics and the presence of superfluidity.  

free precession 



fast precession? 
Long period precession may not be possible 
if there is significant pinning between 
vortices and magnetic fluxtubes in the star’s 
core.  

Perhaps the core is not a type II 
superconductor, after all? 
Local analysis shows that short wavelength 
waves may be unstable in a precessing star.  
Strong coupling/fast precession motion is 
generically unstable.  

 
 May explain why precessing neutron stars are rare. 
 
Need to consider the hydrodynamics asssociated with precession. This is a 
very hard problem given the range of timescales involved. 



Lesson: Superfluid systems with relative flow are generically unstable.   
—  similar to the two-stream instability known to operate in plasmas  
—  analogous to the Kelvin-Helmholtz instability, although here the two fluids 

 are interpenetrating  
—  sets in once the relative flow between the two components of the system 

 reaches a critical level 

two-stream instability 

Simulations suggest the 
instability develops as in the 
linear case.  
No evidence of nonlinear 
saturation. 
Need to explore the role of 
dissipation. 



seismology 
Neutron stars have a zoo of oscillation modes, more 
or less directly associated with the various “restoring 
forces” in the system. 

In principle, observations can be used to probe the 
star’s interior. 

Requires detailed models with as “realistic” physics as 
possible.  

Superfluids have additional degrees of freedom 
(cf. second sound). 

-  Acoustic modes restored by pressure. 

-  Superfluid modes restored by deviation 
from chemical equilibrium. 

Need consistent interior composition and 
superfluid parameters.  



Given the “best estimate” for the main r-mode damping mechanisms, many           
observed accreting neutron stars in LMXBs should be unstable.  

Saturation amplitude due to mode-coupling 
is too large to allow evolution far into 
instability region.  

The magnetic field may play an important 
role, even if it is too weak to affect the nature 
of the r-mode itself.  
 

the r-modes 

Stronger than expected mutual 
friction could, in principle, 
provide an explanation, but...  
Need to understand the 
microphysics. 
 



final thoughts 
Superfluidity impacts on both the gradual evolution (cooling/spindown/
magnetic field decay) of neutron stars and their dynamics. 

Strong evidence for the presence of superfluid components from pulsar 
glitches, and one can make interesting inferences from the data (weighing 
isolated stars?) but detailed modelling remains a real challenge.  


