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four fundamental forces:
Gravity holds the star together (gravitational waves!)

Electromagnetism makes pulsars pulse/magnetars flare

Strong interaction determines the internal matter composition

Weak interaction affects cooling and internal viscosity





Solid The outer kilometer of the star freezes to form an elastic crust.

Liquid The star’s core remains fluid & accreted matter forms an ocean.

Gas There is a dilute atmosphere. 

Plasma The star’s exterior is dominated by an electron-positron plasma.

Quark-gluon plasma Neutrons and protons disintegrate.

Superfluid The star’s core is cold enough for neutrons to be superfluid.

Superconductor At high densities, protons form a superconductor.

seven states of matter?



The macroscopic diagnostic of microscopic many-body interactions is a 
pressure-density-temperature relation for matter in chemical and 
thermodynamical equilibrium – colloquially; the equation of state.

First principles calculations for many-body QCD systems are 
“problematic” at high densities (sign problem).
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equation of state



Have to (at some level) resort to “phenomenology” – parameterise the 
ignorance!

Need experiments and observations to test theory and drive progress! 



chiral EFT
Progress in chiral effective field theory provides important low-
density constraint. 

Key feature is that the calculations come with “error bars”.

139/23/24

Chiral Effective Field Theory: EOS 

Huth et al., PRC 103, 025803 (2021) IT et al., arXiv:2407.08979
[Tews+ 2024][Huth+ 2021
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Figure 1. Two possible scenarios for the evolution of the speed of sound in dense matter.

For QCD at finite baryon density, we are unaware of compelling reasons to expect that c2S <
1/3, and based on the preceding arguments, we will consider two minimal scenarios, which are
illustrated in Fig. 1. The scenario labeled (a) corresponds to the case when we assume that QCD
obeys the conformal limit c2S < 1/3 at all densities, and scenario (b) corresponds to QCD violating
this conformal bound. The behavior of cS at low and high density is constrained by theory, and
we shall show that NS observations, when combined with improved ab initio calculations of PNM,
can distinguish between these two scenarios, and provide useful insights about matter at densities
realized inside NSs.

This paper is structured as follows. In Section 2, we present constraints on the speed of sound from
nuclear physics. In Section 3, we extend the speed of sound to higher densities. In Section 3.1, we
study the EOS under the assumption that the conformal limit is obeyed and the speed of sound is
bounded by 1/

p
3. For this case, we find that cS needs to increase very rapidly above 1 � 2n0 to

stabilize a 2 M� NS. Such a rapid increase likely signals the appearance of a new form of strongly
coupled matter where the nucleon is no longer a useful degree of freedom. In Section 3.2, we release
this assumption but still find that models in which cS increases rapidly, reaching values close to c,
are favored. We study correlations in our parameterization in Section 3.3. In Section 4, we derive the
smallest possible radius for NSs consistent with nuclear physics and observations. We then investigate
the impact of possible additional observations in Section 5. Finally, we summarize our main findings
in Section 6.

2. EOS AND SPEED OF SOUND FROM NUCLEAR PHYSICS

2.1. The EOS of neutron matter

In this work, we use auxiliary-field di↵usion Monte Carlo (AFDMC) to find the many-body ground
state for a given nonrelativistic nuclear Hamiltonian (Carlson et al. 2014). In general, the nuclear
Hamiltonian contains two-body (NN), three-body (3N), and higher many-body (AN) forces,

H = T + VNN + V3N + VAN , (2)

Choice of “parameterisations” at high densities, e.g. speed of sound, 
polytropes…



Different models predict distinct mass-radius relations. 

[adapted from Antoniadis et al]



mass
Masses deduced from binary 
dynamics tend to lie in a 
relatively narrow range, about 
1.1-1.6M⊙. Do not constrain 
nuclear physics (much). 

Example: PSR J0348-0432 with 
a WD companion and a mass just 
over 2M⊙. 

Observation of ”Spiders” suggest 
even more massive NS?

Tricky systematics…

[borrowed from Linares]
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spin
The most precisely determined 
parameters are the spin and the 
spin-down rate. 

Different classes of neutron stars 
populate different parts of the P-
P-dot diagram.

Infer the star’s magnetic field 
(or the star’s “age”)

Sanity check provided by the 
“braking index”. However, 
braking indices are not exactly 3, 
so we are missing something.0.001 0.01 0.1 1 10
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Why do we not see neutron stars spinning close to the break-up limit?



radius
The radius is “difficult” to infer from radio data (moment of inertia?), but 
progress has been made using observed x-ray observations. 
Construct “empirical” equation of state (from Bayesian analysis) based 
on a combination of systems exhibiting type-I x-ray bursts with 
photospheric radius expansion and transient low-mass x-ray binaries.

Constrains the radius of a 
canonical neutron star to 
(conservatively) the range 
10-14 km.

The data is beginning to 
impact on the nuclear 
physics…

… but, again, the 
systematics are tricky.

[adapted from Steiner]



Figure: Adapted from Ray et al. 2019

FROM NUCLEAR PHYSICS TO TELESCOPE

NICER has been taking data since June 2017. 
Aim to measure accurate pulse profiles associated with non-uniform 
thermal surface emission of rotation-powered pulsars.
Comparison to theory models yields the stellar compactness, and –
assuming the mass is known – the star’s radius. 

NICER

[borrowed from Anna Watts]



[adapted from Watts]
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temperature
A neutron star cools rapidly (due to Urca reactions) after birth. 

Mature systems are “cold” (108K<< TFermi=1012K) so they should be 
either solid or superfluid.

Neutron star superfluidity anticipated since late 1950’s; nuclear 
physics calculations indicate “BCS-like” pairing gaps for neutrons and 
protons.



Observational evidence for superfluidity from;
- cooling (the “curious case” of the Cas A remnant)
- thermal “recovery” in accreting transients
- pulsar timing variability (glitches, explained at “cartoon” level)

ter quantities, and Teff,!, are redshifted from
the neutron star surface, where the redshift is
z " (1 # 2GM/Rc2)#1 # 1. For example,
Teff,! " Teff/(1 $ z) and F! " F/(1 $ z)2. As
a result, the so-called radiation radius R!, a
quantity that can be estimated if F!, Teff,!,
and d are known, is defined to be R! " R(1 $
z). R! is a function of the mass and radius of
the neutron star, but if redshift information is
available, perhaps from spectral lines, M and
R could be separately determined. Indeed,
observation of spectral lines has been report-
ed from 1E 1207.4-5209 (48) and EXO 0748-
676 (49), but the identifications of the lines
are controversial (50), with redshifts ranging
from 0.12 to 0.35.

A serious hurdle in the attempt to deter-
mine R! and Teff,! is the fact that neutron
stars are not blackbodies (51, 52). The
star’s atmosphere rearranges the spectral
distribution of emitted radiation. Although
models of neutron star atmospheres for a
variety of compositions have been con-
structed, these are mostly limited to non-
magnetized atmospheres. Pulsars, however,
are thought to have magnetic field strengths
on the order of 1012 G or greater (44 ). The
behavior of strongly magnetized hydrogen
is relatively simple, but models of magne-
tized heavy-element atmospheres are still
in a state of infancy (53).

A useful constraint on models is provided
by a few cases in which the neutron star is
sufficiently close to Earth for optical thermal
emission to be detected (distinguished by
green boxes in Fig. 4). These stars have
optical fluxes several times less than what a
blackbody extrapolation from the observed
x-rays into the Rayleigh-Jeans optical domain
would imply. This optical deficit is a natural
consequence of the neutron star atmosphere
and results in an inferred R! greater than that
deduced from a blackbody. In most cases, a
heavy-element atmosphere adequately fits the
global spectral distributions from x-ray to
optical energies while also yielding neutron
star radii in a plausible range. However, the
observed absence of narrow spectral features,
predicted by heavy-element atmosphere mod-
els, is puzzling (54, 55). The explanation
could lie with broadening or elimination of
spectral features caused by intense magnetic
fields or high pressures.

Radius estimates from isolated neutron
stars, while falling into a plausible range, are
also hampered by distance uncertainties. Pul-
sar distances can be estimated by dispersion
measures (44), but these have uncertainties of
50% or more. In a few cases, such as Gem-
inga (56), RX J185635-3754 (57, 58) and
PSR B0656$14 (59), parallax distances have
been obtained, but errors are still large.

The recent discovery of thermal radiation
from quiescent x-ray bursters (involving neu-
tron stars in binaries) in globular clusters is

particularly exciting. At first glance, it seems
strange that neutron stars in globular clusters,
which are on the order of 10 billion years old,
could be hot enough to emit observable ther-
mal radiation. However, it is believed that
recent episodes of mass accretion from their
companions have been a literal fountain of
youth, replenishing their reservoir of thermal
energy (60). The measurements of radii from
these stars might become relatively precise,
especially if the distances to the globular
clusters in which they are found can be re-
fined. Values of R! in the range of 13 to 16
km have been estimated from the quiescent
x-ray sources in the globular clusters NGC
5139 and 47 Tuc (61, 62).

Theoretical cooling curves can be com-
pared to observations if ages for the thermally
emitting neutron stars can be estimated (Fig.
4). The best-determined ages are those for
which dynamical information, such as ob-
served space velocities coupled with a known
birthplace, is available. Characteristic spin-
down ages estimated from pulsar periods P
and spin-down rates Ṗ using %s " P/2Ṗ (44)
are less reliable. In the cases in which both
kinds of age estimates are available, they are
generally discrepant by factors of 2 to 3.

Theoretical cooling tracks, for a variety of
mass, radius, and superfluid properties, are rela-
tively narrowly confined as long as enhanced
cooling does not occur (43). These tracks are

mostly sensitive to envelope composition. When
enhanced cooling is considered, cooling tracks
fall in a much wider range (Fig. 4). Although
most observed stars are consistent with the stan-
dard cooling scenario, a few cases, espcially PSR
J0205$6449 in 3C58 for which only upper lim-
its to temperature and luminosity exist (63), may
suggest enhanced cooling. Uncertainties in esti-
mated temperature and ages have precluded de-
finitive restrictions on EOSs or superfluid prop-
erties from being made.

Glitches. Pulsars provide several sources
of information concerning neutron star prop-
erties. The fastest spinning pulsars yield con-
straints on neutron star radii. Ages and mag-
netic field strengths can be estimated from P
and Ṗ measurements. Another rich source of
data are pulsar glitches, the occasional dis-
ruption of the otherwise regular pulses (44).
Although the origin of glitches is unknown,
their magnitudes and stochastic behavior sug-
gest they are global phenomena (64). The
leading glitch model involves angular mo-
mentum transfer in the crust from the super-
fluid to the normal component (33). Both are
spinning, but the normal crust is decelerated
by the pulsar’s magnetic dipole radiation.
The superfluid is weakly coupled with the
normal matter, and its rotation rate is not
diminished. But when the difference in spin
rates becomes too large, something breaks
and the spin rates are brought into closer

Fig. 4.Observational estimates of neutron star temperatures and ages together with theoretical cooling
simulations for M " 1.4 MJ. Models (solid and dashed curves) and data with uncertainties (boxes) are
described in (43). The green error boxes indicate sources from which thermal optical emissions have
been observed in addition to thermal x-rays. Simulations with Fe (H) envelopes are displayed by solid
(dashed) curves; those including (excluding) the effects of superfluidity are in red (blue). The upper four
curves include cooling from modified Urca processes only; the lower two curves allow cooling with
direct Urca processes and neglect the effects of superfluidity. Models forbidding direct Urca
processes are relatively independent of M and superfluid properties. The yellow region encom-
passes cooling curves for models with direct Urca cooling including superfluidity.
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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
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45000 50000 55000
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20000
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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

Long-term evolution
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Pulsars with frequent large glitches display large interglitch braking 

indices (n~15-50) 

         but  

much smaller  

long-term values 

Can both be explained by 
superfluid dynamics?  

•  Interglitch evolution gives  
form of internal torque 

•  Incomplete recoveries 
accumulate to give small 
long term nLong term n~1.7, can it be cumulative 

glitch effect?

For regular glitchers one can estimate the superfluid inertia. 
Need to involve up to 2% of the total moment of inertia. 
The crust superfluid model accords with observations as long as we do not 
worry about the entrainment.



Vortex mutual friction is key to modelling glitch dynamics as it 
dictates the timescales involved.Glitch rise

For Vela, spin-up timescale <40 seconds

LETTER
https://doi.org/10.1038/s41586-018-0001-x

Alteration of the magnetosphere of the Vela pulsar 
during a glitch
Jim Palfreyman1*, John M. Dickey1, Aidan Hotan2, Simon Ellingsen1 & Willem van Straten3

As pulsars lose energy, primarily in the form of magnetic dipole 
radiation, their rotation slows down accordingly. For some pulsars, 
this spin-down is interrupted by occasional abrupt spin-up events 
known as glitches1. A glitch is hypothesized to be a catastrophic 
release of pinned vorticity2 that provides an exchange of angular 
momentum between the superfluid outer core and the crust. This is 
manifested by a minute alteration in the rotation rate of the neutron 
star and its co-rotating magnetosphere, which is revealed by an 
abrupt change in the timing of observed radio pulses. Measurement 
of the flux density, polarization and single-pulse arrival times of the 
glitch with high time resolution may reveal the equation of state 
of the crustal superfluid, its drag-to-lift ratio and the parameters 
that describe its friction with the crust3. This has not hitherto been 
possible because glitch events happen unpredictably. Here we report 
single-pulse radio observations of a glitch in the Vela pulsar, which 
has a rotation frequency of 11.2 hertz. The glitch was detected on 
2016 December 12 at 11:36 universal time, during continuous 
observations of the pulsar over a period of three years. We detected 
sudden changes in the pulse shape coincident with the glitch 
event: one pulse was unusually broad, the next pulse was missing 
(a ‘null’) and the following two pulses had unexpectedly low linear 
polarization. This sequence was followed by a 2.6-second interval 
during which pulses arrived later than usual, indicating that the 
glitch affects the magnetosphere.

In 2013 we began a three-year observing programme of the Vela 
pulsar with the aim of recording each single pulse during its next glitch 
(see Methods). On 2016 December 12 at 11:36 universal time (ut), a 
glitch of magnitude ν ν∆ / = . × −1 431 10 6  (where ν = 11.2 Hz is the 
rotation rate) was observed at both the 26-m telescope installed at 
Mount Pleasant, Tasmania, and the 30-m telescope at Ceduna, South 
Australia. Extended Data Table 1 shows the arrival times at the Solar 
System barycentre, as recorded by the two telescopes.

Figure 1 shows a plot of the arrival time residuals of single pulses 
recorded at Mount Pleasant over a time range of 72 min centred on the 
glitch. The residuals are the difference between the experimental data 
and the timing-model results for ν and ν. , calculated using 36 min of 
single-pulse data obtained before the glitch.

The inset of Fig. 1 shows a magnification of the plot around the time 
of the glitch, tg (vertical red line; see Methods). Near this time, three 
very-low-probability events occurred: (1) a ‘null’, which followed an 
unusually broad pulse, (2) a brief increase in the mean of the timing 
residuals, implying either a decrease in ν or, more probably, a change 
in the magnetosphere that affected timings, and (3) a reduction in the 
variance of the timing residuals.

Figure 2 shows 11 consecutive pulses including the ‘null’ that 
occurred at pulse number 77 (in the recorded file). Although pulses 
72–75 look typical, pulse 76 looks different: the flux is spread smoothly 
over about 10 ms, the entire width of the integrated pulse profile of the 
Vela pulsar. We have not seen a similarly broad pulse shape in the more 
than 100,000 pulses that we have examined.

The pulse following this broad pulse is the ‘null’ pulse, and pulses 
78 and 79 show minimal linear polarization, as demonstrated by the 

absence of a position angle swing (right column of Fig. 2). Then, typical 
pulse shapes are again observed from pulse 80 onwards. Analysis of 
data collected on other days shows that on average, the single-pulse 
flux density is below the detection threshold of the 26-m telescope 
once every 77,700 pulses.

Although some pulsars show frequent null pulses, Vela does not4,5, 
and general pulsar observations indicate that nulls are not expected to 
occur in young pulsars such as Vela6. We cannot determine whether 
pulse 77 in Fig. 2 is a true null, with zero flux emitted, a very faint pulse 

1University of Tasmania, Sandy Bay, Tasmania, Australia. 2CSIRO Astronomy and Space Science, Kensington, Western Australia, Australia. 3Auckland University of Technology, Auckland, 
New Zealand. *e-mail: jim77742@gmail.com
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Fig. 1 | Timing residuals of single pulses near the time of the glitch. 
The horizontal axis shows the arrival time at the Solar System barycentre 
on modified Julian day 57,734, and the vertical axis shows the residual of 
the arrival time, obtained from the pre-glitch model. The vertical red line 
marks the fitted time of the glitch (tg). The inset shows a magnification 
of the plot. 3.3 s before tg, a ‘null’ occurred (t0), followed by an unusual 
change in the timing residuals, with late mean arrival times and reduced 
variances. Because the ‘null’ cannot be timed, it has been placed on the 
0.0 ms line. The horizontal error bar represents the 1σ uncertainty in the 
fitting of tg.
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Detection limits:  

– telescope time (needs dedicated   

   observations) 

– pulse folding (to get accurate    

   ToA) 

– pulse jittering  ... 

Vela 2016 glitch (Palfreyman et al. 2006)

But also prolonged spin-ups observed:

The largest glitch observed in the Crab pulsar 3
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Figure 1. Panel A: Timing residuals relative to a simple pre-
glitch spin-down model (see text) over 25 days consisting of ⇠10
days prior to the glitch and ⇠15 days after it. A fit for ⌫ and
€⌫ for the first 15 days of the data yields a flat distribution of
residuals with values close to zero. From the glitch epoch (vertical
dashed line) onwards, the pulses arrive progressively earlier than
expected by the pre-glitch model. Panel B: The evolution of the
spin-frequency ⌫ with time over the glitch period relative to the
value at the earliest data point. The glitch can be seen as a small
discontinuity in the slope near the dashed line. Panel C: The
spin-frequency residuals �⌫ relative to the extrapolation of the
pre-glitch rate after subtraction of the pre-glitch spin-down. The
dotted line shows the amplitude of the initial rise in ⌫. Panel D:
The evolution of €⌫ with time relative to an initial value of €⌫ (see
Table 1). A downward deflection represents an increase in | €⌫ |.
The data in the lower three panels was computed using a striding
boxcar (see text).

individual TOAs from 30 minute long subintegrations. The
boxcar strides over the data in steps of 0.3 days and a fit for
⌫, €⌫ and ‹⌫ is performed at each stride. The MJD of each fit
is set to be halfway between the start and end of the boxcar.
The evolution of the ⌫ and €⌫ over 25 days near the glitch are
shown in the lower three panels of Figure 1.

In panel B, a comparison between the projected ⌫ based
on the pre-glitch data and the measured post-glitch ⌫ in-
dicates that there has been a ‘step’ in ⌫. It is di�cult to
recognise from panel B, what the e↵ect of the glitch on the
spin-down rate (manifesting as a change in the gradient of ⌫
with time) is. To resolve this, in panel C we plot the change

Table 1. Table of pulsar/glitch parameters.

Parameter Value

Period/DM epoch (MJD) 58058.01137
Initial ⌫ 29.6369248116(4) Hz
Initial €⌫ �3.686703(22)⇥10�10 Hz s-1

Initial ‹⌫ 1.91(5) ⇥ 10�19 Hz s-2

DM 56.75847(31) pc cm-3

DM/dt -0.028(7) pc cm-3 s-1

Glitch epoch (MJD) 58064.555(3)
Unresolved spin-up �⌫ 1.4233(5) ⇥ 10�5 Hz
Delayed spin-up �⌫d 1.071(4) ⇥ 10�6 Hz
�⌫d time constant ⌧d 1.703(13) days
� €⌫ �2.569(8) ⇥ 10�12 Hz s-1

in ⌫ having subtracted the pre-glitch €⌫ (Table 1) from the
data presented in panel B. The glitch bears a remarkable
resemblance to the Crab glitch of 1989 (Lyne et al. 1992) as
the initial spin-up of the glitch comprises two components -
an initial unresolved spin-up, denoted by the dotted horizon-
tal line in Figure 1, followed by a resolved delayed spin-up,
in which the value of ⌫ continues to rise for a short time. Fol-
lowing the delayed spin-up, the gradient has a clear negative
value, indicating that the spin-down rate has increased. The
evolution of the spin-down rate is plotted in panel D and
shows clearly the unresolved spin-up, manifested as a rapid
increase in � €⌫. The delayed spin-up is reflected in the expo-
nential downward inflection in spin-down.

The Crab pulsar’s dispersion measure (DM), is known
to evolve in time due to the dynamic nature of the Crab
Nebula (e.g., Graham Smith et al. 2011). Therefore applying
a constant value for the DM in the timing model can cause
the integrated pulse profile to become broadened, sometimes
causing a resultant shift in the computed arrival times. To
examine the behaviour of the time variable DM in the Crab
near the glitch, we employ the striding boxcar method de-
scribe above for 200 days of data centred on the glitch epoch.
In each 10 day long segment, a fit is applied for rotational
parameters up to second order and DM, and we stride over
the data in steps of 5 days. The DM evolution over this
period is shown in Figure 2. In the initial ⇠80 days, the
DM undergoes a ⇠1.5 per cent decrease which is typical of
events seen in the Crab (e.g., Mckee et al. 2018, submitted).
Near the glitch, the DM is more slowly evolving, indicat-
ing that the measured rotational evolution near the glitch is
not contaminated by variations in DM. These changes are
well-modelled by a DM variation and can be corrected for.

We also fit for the glitch parameters using TEMPO2
2

(Hobbs et al. 2006). The fit includes rotational parameters
up to second order and DM parameters up to first order. We
find the magnitude of the initial step to be 1.4233(5)⇥10�5 Hz
and that of the delayed spin-up to be 1.071(4)⇥10�6 Hz. The
delayed spin-up rises exponentially with a time constant of
1.703(13) days. The small increase in the spin-down rate is
�2.569(8)⇥ 10�12 Hz s-1 The pre-and post-glitch parameters
are listed in Table 1.

2 http://www.atnf.csiro.au/research/pulsar/tempo2/
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Example: The “resolved” Vela glitch 
from 2016. 
The fast glitch rise (< 40s) and 
subsequent relaxation, provide an 
opportunity to contrast  different 
models for the mutual friction.

[Graber et al]

detail, we focus on the strongest coupling profile (A) and
determine the glitch response for a range of crust-core coupling
coefficients. As depicted in Figure 5, the neutron star’s
rotational evolution is very sensitive to �core. Disagreement
between the model predictions and data is amplified as soon as
�core diverges from the fiducial value: For stronger (weaker)
mutual friction, the phase shifts become much smaller (larger),
which results in smaller (larger) timing residuals. Our
comparison thus suggests that the dominant core mutual
friction mechanism covers a rather narrow range 3 q
10 105

core
4�1 1� � , as typical for electron scattering off

magnetized vortices (Alpar et al. 1984a).

6. Discussion

For the first time, we calculate mutual friction profiles resulting
from Kelvin wave excitation for a realistic crust model and
combine those with a simplified treatment of the crust-core
coupling to develop a predictive model of the glitch rise. We find
that density-dependent coupling affects the amount of angular
momentum that can be exchanged on specific timescales and
hence influences the glitch response of the crust. This illustrates
that uncertainties in deriving the underlying � and microscopic
parameters have a crucial influence on observables.

We demonstrate that the � profiles depend most sensitively
on the assumed vortex-nucleus interaction. Model (A) accounts
for the contributions Es,l included by Epstein & Baym (1992),
which remain almost constant at high densities. This causes
stronger drag and thus faster recoupling. For the profiles (B)
and (C), we instead considered Ep, which decreases signifi-
cantly with density due to collective pinning, and results in
longer coupling timescales. Nonetheless, differences remain
between the glitch rise predictions based upon the formalisms
of Epstein & Baym (1992) and Jones (1992) due to their
respective assumptions on the interaction potentials and
dissipation length scales (see Figure 1).

Other microphysical parameters of the crust also play an
important role. Whereas the composition itself does not vary
significantly between different EoSs, our results are sensitive to
superfluid parameters such as the energy gap and in principle
entrainment, which we have neglected to keep our introductory
analysis tractable. Strong entrainment would reduce the size of
the crustal angular momentum reservoir, causing difficulties for
the “crust-only” glitch framework (Andersson et al. 2012;

Chamel 2013) (see however Watanabe & Pethick 2017). Future
work will be needed to address how entrainment impacts on the
initial glitch response. Our results are further strongly affected
by the pinning strength. Calculations of these parameters rely
on many assumptions and are very uncertain: Whereas Epstein
& Baym (1988) and Donati & Pizzochero (2006) employed a
Ginzburg–Landau approach and semi-classical model, respec-
tively, Avogadro et al. (2008) have examined the vortex-
nucleus interaction using a quantum mean-field framework
arriving at pinning energies of opposite signs. Future work is
essential to reconcile these results. A correct description of
vortex transport should also account for interactions with a
nuclear pasta phase expected to be present close to the crust-
core interface (Ravenhall et al. 1983). This high-density region
carries the majority of the crustal mass and should strongly
affect the post-glitch behavior. Real-time studies of the vortex-
nucleus interaction (Bulgac et al. 2013; Wlazłowski et al. 2016)
could help to address this issue, but it remains unclear how this
microscopic picture relates to the dynamics of a mesoscopic
vortex communicating with many nuclei.
Finally, note that we based our model on the assumption

that Kelvin wave excitations dominate the dissipation. Other
processes, such as vortex coupling to lattice defects or
impurities (Harding et al. 1978) and dissipation due to lattice
phonon excitations (Jones 1990, 1992), could similarly alter
the glitch response and their effects studied as outlined above
once the mutual friction profile is known.
In addition to crustal microphysics, the shape of the glitch

rise is crucially influenced by the relative strength between
crust coupling and core mutual friction. The amount of angular
momentum that the superfluid transfers to the crust before the
core is recoupled controls the size of the phase shifts, providing
the means to constrain the core physics. This plays an
important role in comparing our predictive model with the
first resolved glitch rise observation of the 2016 December
Vela glitch (Palfreyman et al. 2018). Although a more detailed
analysis will be needed to systematically study the impact of the
underlying microscopic parameters on the glitch rise, our
comparison points toward strong crustal mutual friction satisfying
�10−3 in combination with weaker core coupling in the
range 3 10 105

core
4�1 1q � � . Such strengths are typical

for electron scattering off the magnetized vortices (Alpar
et al. 1984a; Andersson et al. 2006), but much weaker than the
drag associated with excitations of vortex Kelvin waves in the
neutron core (Link 2003; Haskell et al. 2014). The absence of
strong dissipation (characteristic for the regime where vortex-
fluxtube interactions dominate the dynamics) could be explained
if the protons do not form a type-II superconductor. Coupling
dynamics in a type-I state are however rather uncertain
(Sedrakian 2005; Jones 2006). Furthermore, our predictive model
only accounts for constant �core values, and additional work
incorporating density-dependent crust-core coupling would be
needed to verify an absence of strong core friction. Our
conclusions were further based on the assumption that the Vela
pulsar undergoes a shift in phase at the time of the glitch. Future
observations will be required to confirm if this is justified and the
phase shift is indeed a real feature of pulsar glitches. Upcoming
facilities like the Square Kilometer Array will play an important
role in this endeavor as they may allow the glitch rises of
other sources to be observed (Watts et al. 2014; Kramer &
Stappers 2015).

Figure 5. Comparison between the 2016 Vela glitch data averaged into 2 s bins
and theoretical predictions calculated for the crustal drag profile (A) and a
varying crust-core mutual friction strength �core, as labeled in the figure.
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seismology
A neutron star has a rich spectrum of 
oscillation modes.
Different classes of waves depend 
(sometimes quite sensitively) on distinct 
pieces of physics, making 
“asteroseismology” a promising strategy 
for probing the composition and state of 
matter in the star’s core.
In order to lead to observable effects, the 
modes must be excited to large amplitude: 
transients/instabilities/tides…



From the GW perspective we need global modes which involve 
significant density variations.
• f-mode: Fundamental oscillation of the star; scales with the 

average density, 𝜔!/(2𝜋) ∼
"#
$!
∼ 1 − 2kHz

• p-modes: Restored by the pressure of the fluid (speed of sound); 
higher frequencies

• g-modes: Restored by buoyancy associated with 
temperature/composition gradients (frozen composition); lower 
frequencies, 𝜔!/(2𝜋) ∼ 100Hz.

• inertial modes (including the r-mode): Restored by rotation; 
may be driven unstable by GW emission; 𝜔! ∼ Ω.

• i-modes: Associated with (for example) the core-crust interface; 
may induce crust fractures during binary inspiral and trigger short 
gamma-ray bursts; 𝜔!/(2𝜋) ∼ 100Hz.



magnetar flares
Observed quasi-periodic oscillations in x-ray tail from 
magnetar giant flares provide a proof of principle.
If the oscillations are associated with the neutron star 
crust then the observed spectrum constrains the equation 
of state.

However…
- magnetic field couples the crust 

to the core (=tricky...)
- the presence of a superfluid 

component affects the 
oscillations: 

where χ encodes the effective 
mass of the free neutrons. 

ω 2 → ω 2 ≈
xc
χ
ω 2



Gravitational-wave astronomy provides new opportunities.

Finite size effects (=tides) become important during the late stages of 
binary inspiral. 

[Adapted from Read]

binary inspiral



Static tide “enters at 5PN order”
through the induced quadrupole
moment. Characterised by the
Love numbers

Λ% =
2
3
𝑘&%

𝑐&𝑅%
𝐺𝑀%

'

GW signal from binary neutron stars differs from that of black holes 
due to tidal deformability. 

Small effect: Difficult to alter GW phasing (e.g. 1046 erg at 100 Hz 
leads to shift of  10-3 radians).

[Abbott+



 J0348+0432
J0740+6620

GW170817

[adapted from LVK]



[adapted from Landry+]



Again, need “global modes" 
which involve significant 
density variations. 
Fundamental f-mode induces 
significant enhancement of 
tide near merger.
Newtonian overlap integral

𝐼( ≡ ∫)
$𝛿𝜌((𝑟)𝑟*+&𝑑𝑟

leads to an "effective" Love 
number:

Dynamical tide is represented by resonances with individual 
oscillation modes. 

𝑘*, =
2𝜋𝐺

(2𝑙 + 1)𝑅&*+-
∑
("

𝐼(&

𝒜(
&[𝜔(& − (𝑚Ω)&][Passamonti+

Individual low-frequency resonances encode composition etc.



binary mergers
Post-merger dynamics expected to be within reach of next-generation 
detectors (Cosmic Explorer+Einstein Telescope).
Requires nonlinear simulations with a reliable physics 
implementation.
Main observable likely to be peak oscillation frequency of hot remnant.

[Clark et al]



Merger physics involve non-equilibrium aspects, e.g. transport 
coefficients associated with reaction rates (bulk viscosity) etc. 

“beyond the EoS”



Starting from a 3-parameter model 𝑝 = 𝑝(𝑛, 𝜀, 𝑌. = 𝑛./𝑛/) and 
stepping up the complexity, we may
• assume that reactions are fast enough that matter remains in 

equilibrium, or
• slow enough that the composition is frozen, and/or
• add whatever other physics we may be interested in (neutrinos, 

MHD, …)

[Hammond+



2035?next-gen GW
Looking ahead to Cosmic Explorer 
and the Einstein Telescope, 
observations may be limited by 
theory/simulations.
Will bring added 
obstacles/opportunities:
• What if gravity is not GR?
• Additional fields/dark matter?
Is there a ”smoking gun” signature 
of extra physics or are we just 
dealing with “nuisance 
parameters”?


