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Gravity, holds the star together  (gravitational waves!) 
Electromagnetism, makes pulsars pulse and magnetars flare
Strong interaction, determines the internal composition
Weak interaction, affects reaction rates - cooling and internal viscosity

Neutron stars are ”hands-off” laboratories for extreme physics.



The macroscopic diagnostic 
of microscopic many-body 
interactions is a pressure-
density-temperature relation: 
the equation of state.

First principle calculations for 
many-body QCD systems are 
problematic at high densities 
(sign problem).

This pressure variation accounts for the nearly
50% variation in predictions of neutron star
radii (27).

A potential constraint on the EOS derives
from the rotation of neutron stars. An abso-
lute upper limit to the neutron star spin fre-
quency is the mass-shedding limit, at which
the velocity of the stellar surface equals that
of an orbiting particle suspended just above
the surface. For a rigid Newtonian sphere,
this frequency is the Keplerian rate

vK ! (2")# 1!GM/R3 !

1833$M/MJ)1/2(10 km/R)3/2 Hz (3)

However, both deformation and GR effects
are important. A similar expression, but
with a coefficient of 1224 Hz and in which
M and R refer to the
mass and radius of
the maximum-mass,
nonrotating configu-
ration, describes the
maximum rotation
rate possible for an
EOS (26, 28, 29).
We have found that
Eq. 3, but with a co-
efficient of 1045
Hz, approximately
describes the maxi-
mum rotation rate
for a star of mass M
(not close to the
maximum mass) and
nonrotating radius R
independently of the
EOS. The highest
observed spin rate,
641 Hz from pul-
sar PSR B1937% 21
(30), implies a radi-
us limit of 15.5 km
for 1.4 MJ.

Internal Structure
and Composition
A neutron star has
five major regions:
the inner and outer
cores, the crust, the envelope, and the atmo-
sphere (Fig. 3). The atmosphere and envelope
contain a negligible amount of mass, but the
atmosphere plays an important role in shap-
ing the emergent photon spectrum, and the
envelope crucially influences the transport and
release of thermal energy from the star’s sur-
face. The crust, extending about 1 to 2 km
below the surface, primarily contains nuclei.
The dominant nuclei in the crust vary with
density, and range from 56Fe for matter with
densities less than about 106 g cm# 3 to nuclei
with A & 200 but x & (0.1 to 0.2) near the
core-crust interface at n ' n0/3. Such extremely

neutron-rich nuclei are not observed in the lab-
oratory, but rare-isotope accelerators (31) hope
to create some of them.

Within the crust, at densities above the
neutron drip density 4 ( 1011 g cm# 3 where
the neutron chemical potential (the energy
required to remove a neutron from the filled
sea of degenerate fermions) is zero, neutrons
leak out of nuclei. At the highest densities in
the crust, more of the matter resides in the
neutron fluid than in nuclei. At the core-crust
interface, nuclei are so closely packed that
they are almost touching. At somewhat lower
densities, the nuclear lattice can turn inside-
out and form a lattice of voids, which is
eventually squeezed out at densities near n0

(32). If so, beginning at about 0.1 n0, there
could be a continuous change of the dimen-
sionality of matter from three-dimensional

(3D) nuclei (meatballs), to 2D cylindrical
nuclei (spaghetti), to 1D slabs of nuclei inter-
laid with planar voids (lasagna), to 2D cylin-
drical voids (ziti), to 3D voids (ravioli, or
Swiss cheese in Fig. 3) before an eventual
transition to uniform nucleonic matter
(sauce). This series of transitions is known as
the nuclear pasta.

For temperatures less than & 0.1 MeV, the
neutron fluid in the crust probably forms a
1S0 superfluid (1, 2). Such a superfluid would
alter the specific heat and the neutrino emis-
sivities of the crust, thereby affecting how
neutron stars cool. The superfluid would also

form a reservoir of angular momentum that,
being loosely coupled to the crust, could
cause pulsar glitch phenomena (33).

The core constitutes up to 99% of the mass
of the star (Fig. 3). The outer core consists of a
soup of nucleons, electrons, and muons. The
neutrons could form a 3P2 superfluid and the
protons a 1S0 superconductor within the outer
core. In the inner core, exotic particles such as
strangeness-bearing hyperons and/or Bose con-
densates (pions or kaons) may become abun-
dant. It is possible that a transition to a mixed
phase of hadronic and deconfined quark matter
develops (34), even if strange quark matter is
not the ultimate ground state of matter. Delin-
eating the phase structure of dense cold quark
matter (35) has yielded novel states of matter,
including color-superconducting phases with
(36) and without condensed mesons (35).

Neutron Star
Cooling
The interior of a proto–
neutron star loses ener-
gy at a rapid rate
by neutrino emission.
Within 10 to 100 years,
the thermal evolution
time of the crust, heat
transported by electron
conduction into the in-
terior, where it is radi-
ated away by neutrinos,
creates an isothermal
structure [stage (V) in
Fig. 1]. The star contin-
uously emits photons,
dominantly in x-rays,
with an effective tem-
perature Teff that tracks
the interior temperature
but that is smaller by a
factor of & 100. The
energy loss from pho-
tons is swamped by
neutrino emission from
the interior until the star
becomes about 3 ( 105

years old (stage VI).
The overall time

that a neutron star will
remain visible to terrestrial observers is not yet
known, but there are two possibilities: the stan-
dard and enhanced cooling scenarios. The dom-
inant neutrino cooling reactions are of a general
type, known as Urca processes (37), in which
thermally excited particles alternately undergo
beta and inverse-beta decays. Each reaction
produces a neutrino or antineutrino, and
thermal energy is thus continuously lost.

The most efficient Urca process is the
direct Urca process involving nucleons:

n 3 p % e ! " v̄e, p 3 n % e% % ve

(4)

Fig. 2. Mass-radius diagram for neutron stars. Black (green) curves are for normal matter (SQM)
equations of state [for definitions of the labels, see (27)]. Regions excluded by general relativity
(GR), causality, and rotation constraints are indicated. Contours of radiation radii R) are given by
the orange curves. The dashed line labeled *I/I! 0.014 is a radius limit estimated from Vela pulsar
glitches (27 ).
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[Lattimer & Prakash]
Basically, three approaches:
� non-relativistic quantum calculations (e.g. APR)

� “phenomenology” (e.g. Skyrme interaction matched to measured 
nuclear masses)

� relativistic mean-field theory (typically used for hyperons/quarks)

Need experiments and observations to test theory and drive progress. 



[Adapted from Antoniadis et al]

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

The current record holder is J0348-0432 with (a WD companion and) a mass just 
over 2M⊙. (Note also the recent evidence for J0740+6620 being 2.17M⊙.)



State-of-the-art chiral effective field theory calculations (Schwenk, Tews and 
others) provide “reliable” low-density constraints, which can be extrapolated 
to higher densities (=more massive stars).
Suggests a 1.4M⊙ neutron star should have radius in the range 10-14 km.



The radius is “difficult” to infer from radio data (although… the moment of 
inertia for the Double Pulsar), but may use accreting systems emitting in x-rays. 
Strategy: Construct “empirical” equation of state (from a Bayesian analysis) 
based on combining data for a set of systems (work by Steiner et al).
Again, constrains the radius to (conservatively) the range 10-14 km.



NICER has been taking data since 13 June 2017. 
The main aim is to measure pulse profiles 
associated with non-uniform thermal surface 
emission of rotation-powered pulsars.
Comparison to theory models leads to estimates of 
the star’s mass and radius. 

Preliminary results for PSR J0030+0451 favours two emitting polar caps 
(=tricky systematics) and a radius in the range 12-15 km. 
Expect stronger constraints ”soon” (e.g. systems with known mass).
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Longer term, we need a high-resolution x-
ray timing mission (with a large collection 
area).
The Chinese-European eXTP and the US 
led STROBE-X missions are designed to 
explore the state of matter under extreme 
conditions.
Significant upgrades from previous 
instruments (e.g. RXTE) and should 
(finally!) provide mass-radius constraints at 
the few % level.  



Deviations from point-mass dynamics become important during the late 
stages of binary inspiral – we should be able to probe matter properties.

The effect is encoded in the tidal deformability (via the Love numbers).  

[Adapted from Read]

That’s as far as we can see with our eyes…
Gravitational-wave astronomy provides new opportunities. 



Demonstrated by the spectacular GW170817 signal!
Best constraints on the tidal deformability (assuming the same equation of 
state, slow spins and maximum mass indicated by pulsar data) suggests a 
radius in the range R=10.5-13.3 km (similar to the x-ray results…).
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The final merger was not seen 
in GW170817 – need better 
sensitivity at high frequencies! 
(Part of the case for 3G 
detectors…)

[Abbott et al]

Eventually… we should be able to detect 
the oscillations of the merger remnant –
enable hot neutron star seismology.
Note: Simulations suggest a correlation 
between the tidal deformability and the 
main peak in the spectrum of the 
oscillating remnant (the f-mode?). 

[Chakravarti+NA]
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What about other aspects, like 
the temperature?
A neutron star cools rapidly 
(mainly due to the Urca reactions) 
after birth. 
Mature systems are “cold”
(108K<< TFermi=1012K) so they 
should be either solid or 
superfluid.

Nuclear physics calculations 
indicate “BCS-like” pairing gaps 
for neutrons and protons.
Observational “evidence” from 
cooling (e.g. the Cas A remnant 
and thermal relaxation in 
transients) and timing 
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Allow us (at least in principle) to probe physics beyond mass and radius.
For example, the vortex-mediated 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/

MNRAS 000, 1–10 (2018)
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Shaw et al. 2018

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 ´
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 1´ - - . 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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Keep in mind…

After 50 years we still don’t (exactly) know why pulsars pulse and we 
don’t (quite) understand why magnetars flare.
But… observations are (at least) beginning to constrain the theory.

In order to make progress – and match the precision of the next generation 
of instruments – we need better models (e.g. state and composition of 
matter). 

Need to involve as much of the physics as we can manage.
Effects may not be “leading order” (as in the case of pulsar glitches) but 
could still introduce systematics that need to be accounted for (e.g. the tidal 
deformability).

We also have to (at least, in my opinion…) improve our understanding of 
evolutionary scenarios.

take home message


