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a star is born 
A neutron star is born when a medium-
weight star runs out of nuclear fuel and 
collapses under its own weight. 
Once the dust from the supernova 
explosion has settled the remnant can 
usually be seen as a radio pulsar.  
In addition, there are accreting neutron 
stars in LMXBs, strongly magnetized 
magnetars, isolated neutron stars… 

With a solar mass compressed inside a radius of about 10 km, a neutron star 
represents extreme physics that cannot be tested in the laboratory. 

In this talk I will discuss (some of) the ways gravitational-wave observations 
may help us probe this physics.  

 

These systems exhibit a rich phenomenology. 



The problem is difficult because;  

i)  these are “hands-off” laboratories, that ii) involve all four fundamental forces 

 

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 
 



J=e1^

a1

a2

e2^
J=e3^

a3

In principle, any rotating deformed body (like the Earth!) radiates gravitational 
waves. 
 
 

“mountains” 

For a triaxial star rotating steadily we have; 
 

 
where ε represents the (dimensionless) asymmetry in the moment of inertia 
tensor. 

 



Optimist:  
Assume all observed pulsar spin-
down is due to gravitational waves. 
Realist:  
Worry about the physics (braking 
index!). What level of asymmetry 
can neutron stars sustain? 
 
Asymmetry may be due to: 
-  Elastic strain in solid phase(s); 

 
-  Magnetic stresses in the star’s interior; 
 

The signal is weak, but the effective amplitude improves as the square-root of 
the observation time. Requires long observation time, but many objects have 
known frequency and position.  

[from DI Jones] 



Molecular dynamics simulations suggest that the 
breaking strain ubreak is larger than expected, 
around 0.1. The crust is super-strong! 
Key questions: Do real neutron star mountains 
reach breaking strain or are stresses released 
gradually through plastic flow? How does the crust 
“yield”? 
 

 

Upper limits (targeted observations): 
-  Crab pulsar: ε < 10-4, less than 1% of 

energy loss going into GWs 
-  Vela pulsar: ε < 6 ×10-4, less than 

10% of energy loss going into GWs 
-  Strongest constraint ε < 6.7 ×10-8 for 

the 200Hz pulsar J2124-3358 
(astonishing symmetry?)  

[Aasi et al 2014] 

[Horowitz and Kadau 2009] 



The deviation from point-mass dynamics becomes important at the late 
stages of binary inspiral.  

 

 

 

 

 

 

 

tidal deformation 

Difficult to alter GW phasing (e.g. 1046 erg at 100 Hz leads to shift of  10-3 
radians), but the star’s deformability, encoded in the so-called Love number, 
may lead to a distinguishable secular effect; 

[from J Read] 



However, detecting the tidal effect from 
individual events may be difficult (unless 
we are very lucky). 
Will likely need a number of detections to 
distinguish different equations of state. 
 
 
 

Example implications for LIGO:  
EOS constraint from multiple BNS detections

Agathos et al 2015 
http://arxiv.org/abs/1503.05405

Lackey and Wade (40 signals) 
http://arxiv.org/abs/1410.8866

[Agathos et al 2015] 
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Given that the masses can be extracted 
from the chirp, observations may allow 
us to constrain the compressibility of the 
equation of state.  
Note: If the radius can be inferred with 
an accuracy <5%, we would do better 
than any upcoming nuclear physics 
experiments. 
 
 
 

[Read et al 2013] 



seismology 
Neutron stars have rich oscillation spectra, with families of modes more or 
less directly associated with different core physics (cf. Helioseismology). 
 
f-mode:     scales with average density, and is the most  

   effective GW emitter.  
p-modes:   acoustic modes, depend on sound speed. 
g-modes:   depend on thermal/composition gradients.  

   Instability in hot star may trigger convection. 
w-modes:   pure spacetime oscillations. 
r-modes:   inertial mode restored by the Coriolis force.  

   Radiates mainly through current multipoles. 
   Driven unstable by GW emission!  

Observations would constrain the theory.     



the CFS instability 
Gravitational waves may drive an instability in rotating relativistic stars. 

Interesting because the mechanism may limit the spin of neutron stars at the 
same time as it generates a detectable signal.    

Cartoon explanation: A given 
mode is unstable if the star is losing 
“negative energy”. 
A “neutral” mode of oscillation signals 
the onset of instability. 

The modes that are thought to be the 
most important are the “acoustic” f-
modes, and the “Coriolis driven” r-
modes. 

cal function. Their work demonstrates the
value of taking an integrated approach to
cellular dynamics, and shows that even
though the cell is a complex, hierarchical
system, it is possible to gain insight into its
functional organization using relatively
simple analyses.

The stage is set for further investigation 
of these types of protein network. How, for
example, did they evolve? Possible clues can
be found in related work on the emergence 
of power-law distributions6,4,9. Such distri-
butions will emerge if the probability that a
particular node makes future connections 
is proportional to the number of current
connections. Put another way, highly con-
nected nodes tend to become even more 
connected as time goes by. What, therefore, 
is happening at the level of protein inter-
actions? Certain highly connected proteins
could have a special structure that enables
them to bind to many different types of pro-
tein, including new ones that arise through
mutation. So it may be that the proteins 
that make up the highly connected nodes in
cellular networks share common structural
features.

Modelling work10 has shown how power-
law networks can arise from simple dyn-
amical rules on the basis of evolutionary
principles. This latter study demonstrates
that power-law connectivity is a property 
of networks that are in a state of transitory
expansion, suggesting that the connectivity
properties of a network are a signature of 
its particular evolutionary state. If this is 
correct, it implies the existence of networks
that do not follow power laws. For example,
the modelling work indicates that newly
developed networks are, by nature, sparsely
connected and are best described by expo-
nential distributions. Moreover, models of
this type may also be relevant to the observed
power-law distributions of protein family
sizes11, in which a ‘family’ consists of proteins
that share sequence similarity and have simi-
lar biological functions. In this context, a
power-law distribution implies the existence
of ‘mega-families’ composed of a large num-
ber of proteins that are both structurally 
and functionally similar.

From a biomedical standpoint, Jeong and
colleagues’ findings1 suggest that it may be
unwise to select a highly connected protein
as a drug target, given that inactivation of 
the protein could prove to be fatal or highly
disruptive to the cell. Accordingly, a better
strategy may be to target a less well connected
protein that has a similar function. In this
regard, understanding the connectivity of
the network could provide likely candidates
through the principle of ‘guilt by association’
— that is, if two proteins interact with one
another, they are probably involved in simi-
lar cellular functions2,12. ■
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inner cores of massive stars can have high
angular momentum. Indeed theory suggests
that neutron stars could be born rotating at
near the maximum value they can endure
without flying apart, 1,000 times per second.
This is much faster than the spin rates

news and views
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Aneutron star is like a gigantic atomic
nucleus, packing more than a solar mass
of neutrons inside a ball just 20 kilome-

tres across. Neutron stars are born when the
iron core of a massive star collapses violently
inside a supernova1. Before they collapse, the

Astronomy

A new twist on neutron stars
Chris Fryer and Stan Woosley

Theory suggests that neutron stars should be born rotating rapidly, but in
reality they spin more slowly. New calculations suggest that they may be
slowed by the emission of exotic gravity waves.

To an astronomer
on Earth, the
r-mode appears
to be moving
clockwise

On the rotating
neutron star,
the r-mode's
anticlockwise
motion is actually
increasing

On a  merry-go-round
the child appears to his
parents to be moving
backwards (clockwise).
He is actually running
anticlockwise

a  Stationary reference frame

b  Rotating reference frame

r-mode

r-mode

Figure 1 Rotating neutron stars and gravity waves. The growth of r-modes can be understood through
an analogy with a child running anticlockwise on a clockwise-spinning merry-go-round. a, If the
child is running slower than the merry-go-round is spinning, he appears to his parents sitting on a
nearby bench to be moving clockwise (although slower than the merry-go-round). In the case of a
spinning neutron star, an r-mode moving slowly in the opposite direction to the spinning neutron
star will appear to an observer on Earth in the ‘stationary reference frame’ to be moving with the spin
of the neutron star. The gravitational waves created by the current variations of the r-mode carry
away angular momentum, causing the r-mode to slow down in the observer’s stationary frame. b, In
the rotating reference frame of the merry-go-round, the child is running in the opposite direction to
that of the spinning merry-go-round. When the child runs faster in this frame, he appears to slow
down in the stationary reference frame of his parents. Similarly, when the r-mode emits gravitational
waves and slows down in the stationary reference frame of the observer, the r-mode velocity in the
rotating reference frame of the neutron star is actually accelerating, causing the r-mode amplitude to
grow. As the amplitude grows, more gravitational waves are emitted, leading to a runaway process.
New calculations2,3 show that this process may be responsible for slowing down rapidly spinning
neutron stars.

© 2001 Macmillan Magazines Ltd

Instability windows depend sensitively on uncertain physics. Simplest 
models involve shear- and bulk viscosity. 

Key point: This problem probes non-equilibrium properties of matter. 
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The l=m=2 r-mode grows (due to current 
multipole radiation) on a timescale 
 
 
 
Viscosity may stabilise the star. At low 
temperature, shear viscosity is expected to 
dominate. For nn scattering we have 
 
 
 
Bulk viscosity is important at high 
temperatures (requires density 
perturbation which arises at second order 
in Ω)








the r-modes 

tgw ≈ 50M1.4
−1R10

−4P−3
6  s

tsv ≈ 7×107M1.4
−5/4R10

23/4T9
2  s

tbv ≈ 3×1011M1.4R10
−1P−3

2T9
−6  s

In principle, we should not find any (normal) pulsars inside the instability 
window. Best constraint (?): The x-ray pulsar J0537-6910 would have been 
born with a period in the range 6-9 ms.  
 
 
 
 



Phenomenology:  
At some point the r-mode “saturates” 
and, as angular momentum is radiated 
away, the star spins down. 
Model using Ω and α and use 
evolution equations from the 
conservation of energy and angular 
momentum: 
 
Nonlinear mode-coupling limits the r-
mode amplitude to  
 
 
 

δ αv R∝ Ω

310α −<

Good news: In many cases, a relatively simple “three-mode network” provides a 
good description.  
Also, the general evolution can be understood from stationary solutions (cooling 
balance heating etc). 
Bad news: The amplitude may not be slowly varying, so it could be difficult to 
detect the gravitational waves. 

[Bondarescu et al 2009] 



The Cassiopeia A remnant hosts the youngest neutron star in the galaxy 
(roughly 300 yrs).  

Cassiopeia A 
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Figure 5. Upper limits at 95% confidence (dots) on the amplitude α of r-
mode oscillations of Cas A and the indirect limit (line). The gravitational-
wave frequency is assumed to be 4/3 times the rotation frequency. Systematic
uncertainties are not included; see Section 3 for discussion.

of the 60 Hz power mains frequency are severely degraded due
to noise and are excluded from the figures. Between 230 and
240 Hz, and around 280 Hz, the upper limits are degraded by
disturbances in the broadband noise of the H1 detector.

4. DISCUSSION

The tightest upper limit on h0 (Figure 3) is ∼7 × 10−25 at
∼150 Hz in the region where the LIGO detectors are at their
most sensitive. The search improved slightly upon the expected
upper limits on h0 estimated by Wette et al. (2008), due to
slightly better detector sensitivity and duty cycle in the selected
data set. Therefore, the search could have beaten the indirect
limits at frequencies slightly outside of the 100–300 Hz band,
although the computational cost increases rapidly at higher
frequencies, and the noise floor of the detectors rises steeply
at lower frequencies.

The upper limits on ϵ (Figure 4) range from ∼4 × 10−4

at 100 Hz (20 ms rotation period) to ∼4 × 10−5 at 300 Hz
(6.7 ms), assuming the canonical parameters of Equation (2).
The upper limits are higher than the maximum ϵ of a few times
10−6 predicted for normal neutron stars, even with recent results
indicating a high breaking strain of the crust (Horowitz & Kadau
2009). Ellipticities of a few times 10−4 are within the range
of predictions (Owen 2005; Lin 2007; Haskell et al. 2007;
Knippel & Sedrakian 2009) for various forms of crystalline
quark matter (Xu 2003; Mannarelli et al. 2007). Robust hybrid
models (Glendenning 1992) could sustain ellipticities up to
about 1 × 10−4 (scaled from Owen 2005) if the breaking strain
of Horowitz & Kadau (2009) is valid for the mixed phase
of matter. Ellipticities comparable to our upper limits could
also be sustained by internal magnetic fields of order 1016 G,
depending on the field configuration, equation of state, and
superconductivity of the star (Cutler 2002; Haskell et al. 2008;
Akgün & Wasserman 2008; Colaiuda et al. 2008).

It is important to realize that upper limits on ϵ cannot be used
to constrain properties of QCD or the composition of the neutron
star, which may simply have an ellipticity much lower than
the theoretical maximum. The upper limits on ϵ do, however,
constrain the internal magnetic field to be less than of order
1016 G, if Cas A is spinning fast enough to radiate gravitational
waves in the searched frequency band.

The upper limits on α (Figure 5) range from ∼0.14 at
100 Hz (13 ms rotation period) to ∼0.005 at 300 Hz (4.4 ms),
assuming the canonical parameters of Equation (3). If the r-

mode amplitude varies with time, our limits on α are rms values
over the observing time and the indirect limits are rms values
over the lifetime of the star. Our upper limits on α are within the
range of runaway low-viscosity scenarios at all frequencies, and
on the high end of the frequency band they are comparable to
the finite-viscosity parametric instability thresholds which tend
to serve as attractors for the evolution (Bondarescu et al. 2009).

In several years the advanced LIGO and Virgo interferometers
are expected to be in operation, with sensitivities an order of
magnitude better than data searched here and extending to lower
frequencies. Extrapolating from these results, a similar search
on data from advanced interferometers would be expected to be
sensitive to ellipticities of a few times 10−6, which are achievable
by neutron stars without exotic matter or by stars with internal
magnetic fields less than ∼1014 G, or r-mode amplitudes a few
times 10−4. More sophisticated data analysis methods, such
as hierarchical methods, would further increase the sensitivity.
There are also more young non-pulsing neutron stars and other
astrophysically interesting objects that could be targeted by a
search of this type.
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LIGO searched 12 days of S5 data for 
periodic gravitational waves from 
this neutron star.  

Searches are complicated by the fact 
that the spin rate of the star is 
unknown. 

Still, the results provide the first 
observational upper limit for the r-
mode amplitude.  

 With a 1 yr aLIGO observation these constraints may improve by a factor of 50 or 
so. This would begin to probe the “interesting” regime. 

Estimates suggest that the r-mode signal from newly born neutron stars 
may only be detectable out to 1 kpc-1 Mpc, meaning that the event rate is 
likely to be low. 
However, if the evolution is slow, then the instability may be active for a 
long time.  

[Aasi et al 2014] 



LMXBs 

Rigid crust with viscous 
(Ekman) boundary layer 
would lead to sufficient 
damping… 
…but the crust is more like 
jelly, so the effect is reduced 
(“slippage”). 
Saturation amplitude due 
to mode-coupling is too large 
to allow evolution far into 
instability region.  
Note: No evidence in the data 
for “clustering” near an 
instability threshold. 

Accreting neutron stars in LMXBs may be more “promising”. Observations 
suggest these systems rotate well below the break-up limit, so some kind of 
speed-limit may be enforced. 
The r-modes could provide an explanation. Many systems lie inside the 
“conservative” instability window. 
 

[Ho, NA & Haskell 2011] 



issues 

 
 
The r-mode remains a “viable” GW source and may be the mechanism that 
limits neutron star spin. Instability window depends on core physics 
(composition/state of matter/transport coefficients). 
 

 

 

 

 

 

1.  Are the r-modes unstable in a realistic 
neutron star model (magnetic field)? 

2.  Why does the growth of an unstable mode 
saturate and what is the achieved amplitude? 

3.  How does a star with an active instability 
actually evolve (differential rotation)? 

1.  How do (quadrupole) deformations form/evolve? Is plastic flow 
important? 

2.  Accreting systems may seem promising, but how do we track the long-
term spin-evolution? 

3.  Are issues like composition (e.g. leading to g-modes) relevant for the 
tidal problem? 

 

Neutron stars are promising GW sources, but the generation mechanisms 
tend to involve unknown physics aspects. 

 


