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observer’s view 
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We have precise timing data for 
more than 2,300 (mainly radio) 
pulsars.   

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

The spin-down rate allows us to 
infer the star’s (exterior) 
magnetic field. 

But… as soon as we consider 
evolutionary aspects (braking 
index, glitches and so on), we run 
into difficulties.  

Keep in mind: After more than 35 years we don’t know why pulsars pulse! 



the future 

Einstein Telescope LOFT (?) 

SKA Athena 

In the next decade(s) a generation of revolutionary telescopes will come on-
line, providing high quality information in a range of observing “bands”. 



All four fundamental forces at play: 
Gravity, holds the star together  (gravitational waves?)  
Electromagnetism, makes pulsars pulse and magnetars flare (radio/X-rays) 
Strong interaction, determines the internal composition 
Weak interaction, affects reaction rates - cooling and internal viscosity 
 

theorist’s view 



fundamental physics 
The equation of state is the main diagnostic of dense matter interactions.  
Each model generates a unique mass-radius relation, predicting a characteristic 
radius for a range of masses and a maximum mass above which a neutron star 
collapses to a black hole.  
Constrain the physics by combining data from different observational channels.  

Orbital data for binaries provide 
accurate masses; the maximum mass 
must be above 2 M¤.  
Surface phenomena constrain the 
radius of a 1.4 M¤ star to 11-12 km.  
The data is beginning to impact on the 
nuclear physics… 
Keep in mind:  
-  first principles calculations are 

challenging, 
-  astrophysics may do better than 

upcoming nuclear physics 
experiments (e.g. PREX). 



fundamental physics 
The equation of state is the main diagnostic of dense matter interactions.  
Each model generates a unique mass-radius relation, predicting a characteristic 
radius for a range of masses and a maximum mass above which a neutron star 
collapses to a black hole.  
Constrain the physics by combining data from different observational channels.  

NASAs NICER mission will provide an 
“accurate” data point.  

LIGO (and eventually ET) will (!) detect 
binaries and infer individual masses 
(compressibility from Love number?). 

SKA will provide a much larger sample 
of neutron star masses. 

Athena will add to the wealth of surface 
data (Chandra, XMM, NuSTAR). 

Need a precision X-ray timing mission 
(like LOFT) to study burst dynamics 
and magnetar seismology. 
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Mature neutron stars are “cold” (108K<< TFermi=1012K) so they should be 
either solid or superfluid.  
Superfluidity suppresses reactions and scattering and adds dynamical 
degrees of freedom.  
Neutron stars are multi-fluid systems (cf. 2-fluid model for Helium). 
 

Now… there is more to neutron stars than the bulk properties.  
Need to “dig deeper” to understand the state and composition of matter. 
This is particularly important for evolutionary aspects and dynamics, as they 
involve transport coefficients (thermal, viscous, resistive). 

state of matter 



The strongest (current) constraint on superfluid parameters comes from the 
“real-time” cooling of the Cas A remnant.  
We also have “convincing” evidence for the presence of superfluidity from 
observed pulsar glitches.  

Cartoon explanation: 
1.  the crust slows down due to magnetic braking, 
2.  the superfluid can only spin down if  vortices (by means of which the 

superfluid rotates) move outwards,   
3.  if the vortices are pinned (to the crust, say), the superfluid lags behind,  
4.  at some critical level, a large number of vortices are  released. As a result the 

crust is spun up.  

1690 C. M. Espinoza et al.

Figure 6. New glitches satisfying !ν/ν ! 30 × 10−9. Every glitch is shown by plotting the frequency residuals relative to a linear model fitted to pre-glitch
data (top) and ν̇ (bottom) against time. The time axis is measured in days, and day zero corresponds to the glitch epoch, which is indicated in MJD below the
pulsar name in each plot. There are two glitches in the top left-hand plot for PSR J0631+1036, at MJD 50608.277 and MJD 50729. There are three glitches
in the same plot for PSR J1841−0524, at MJD 53562, MJD 54012.88 and MJD 54503. There is no much data for PSR J1845−0316 around the glitch at
MJD 52128, so no good measurements of ν̇ are possible for this epoch. However, the glitch is easily identified in frequency data.

In Fig. 11(b), the percentage of ν̇ reversed by glitch activity
is plotted as a function of the slowdown rate. For pulsars with
low |ν̇| values, for which no glitch has been detected, the percent-
age was calculated using the same glitch spin-up rates estimated
for the upper plot. However, only the glitch activity correspond-

ing to one glitch with !ν = 0.0004 µHz falls below 1 per cent.
If estimated for a glitch activity produced by one glitch with a
frequency jump of 0.03 µHz, the amount of ν̇ reversed by glitch
activity rises up to more than 2 per cent, for log⟨|ν̇|⟩ = 0.018, and
about 25 per cent for the first bin. The fact that the percentage of

C⃝ 2011 The Authors, MNRAS 414, 1679–1704
Monthly Notices of the Royal Astronomical Society C⃝ 2011 RAS

pulsar glitches 



There is no quantitative model for glitch 
dynamics, but for regular glitchers, one can 
estimate the superfluid moment of inertia.  
Need to involve up to 2% of the total.  
The crust superfluid can do this; as long as 
we do not worry about the actual mobility of the 
superfluid component (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.
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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

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 superfluid 

region just large enough to explain the observations.  
3.  Lack of “precision”: Need more accurate parameters. 
                          
 

the crust is not enough 



A possible resolution to the problem would be to 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.  

mind the gap 

If we take the pairing gap as given, we can infer the mass of a glitching pulsar. 
SKA will add significantly to the data (revolve actual glitch rise?), so… 



A neutron star has a rich spectrum of oscillation modes. 
Different classes of modes depend (sometimes quite sensitively) on specific physics, 
making “asteroseismology” a promising strategy for probing the star’s interior. 
Observed quasi-periodic oscillations in X-ray tail from magnetar giant flares 
provided the first real opportunity to put this scheme into practice. 
 

seismology 

If the observed oscillations are 
associated with the crust then we can 
constrain both mass and radius. 
However… 
-  the magnetic field couples the 

crust to the core (need field 
configuration/superconductor?) 

-  the presence of a superfluid 
component affects the oscillations 
(entrainment)   

  



Any state-of-the-art model for neutron star dynamics must account for the fact that 
these are multi-component  multi-fluid systems (the composition varies and 
there are relative flows – heat, charge currents, superfluids). 
This requires “beyond equilibrium” equation of state information. 
As example, consider the pressure perturbation for npe-matter; 
 

beyond equilibrium 

p = p(nn ,np ,ne )  ⇒    

   δ p = nnδµn + npδµ p + neδµe =

      = nnδµn + np δµ p +δµe( )
         = n 1− xp( )δµn + nxp δµ p +δµe( )
            = nδµn + nxp δµ p +δµe −δµn( )
               = nδµn

[1. definition] 
 
[2. charge neutrality] 
 
[3. introduce proton fraction] 
 
[4. beta equilibrium] 
 

Depending on the state of matter (normal/superfluid) and the regime (fast/slow 
reactions), one may have to keep track of many thermodynamical derivatives. These 
can not be (easily) inferred from a tabulated equilibrium equation of state. 
 



In order to be observable, oscillations must be excited to a large amplitude. 
Instabilities are particularly interesting.  
Gravitational waves may drive a secular instability in rotating relativistic stars. 
This mechanism may limit the spin of neutron stars at the same time as it 
generates detectable gravitational waves.    

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, but a range of mechanisms have 
been considered. 

CFS instability 



Millisecond pulsars form by accreting matter (and angular momentum) from a 
binary companion.  
Some accreting systems are seen as X-ray pulsars, like J1808-3658 which has a 
spin period of 2.5 ms, for others the spin is inferred from X-ray burst oscillations. 

All known systems rotate well below 
the break-up limit.  
The fastest rotating LMXB neutron 
star, 4U 1608, spins at 620 Hz. 
Some kind of speed-limit seems to be 
enforced. 
Explanations: 
-  “refined” accretion torque, 
-  gravitational wave emission (eg. r-

modes).  
The latter might lead to a pile-up at the 
highest frequencies (some hint at this 
in the data?). 
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[27 systems from Patruno, unpublished] 

LMXBs 



A key question concerns to what extent these systems “require” an additional 
spindown torque, e.g. gravitational-wave emission. 
No compelling evidence for “anomalous” spin behaviour in the observed 
LMXBs, e.g. the X-ray pulsar J1808-3658. 
Evolution seems consistent with accretion spin-up balanced by electromagnetic 
dipole spin-down.    
 
 
 

However, the theory does not work “perfectly”. If it did, the inferred magnetic field 
from spin-down would be consistent with the spin-up torque. It is not. 
Take home message: The accretion torque needs to be better understood. 
 

R-mode in XTE J1751−305 5

Figure 2. Magnetic field of XTE J1751−305 (top) and
IGR J00291+5934 (bottom) as determined by the observed spin-
down rate, spin-up rate and fastness parameter ωs. The ob-
served spin-down rate (with 90% uncertainty) produces the ver-
tical band. The observed spin-up rate (with 90% uncertainty) is
the horizontal band. The dotted and solid lines show the max-

imum calculated spin-up rates due to accretion torques Na and
Na(1−ωs), respectively. The magnetic field determined by ωs = 1
is where the solid line crosses the bottom axis.

ωs ! 1), where ωs [≡ ν/νK(rA)] is the fastness param-
eter and νK(rA) is the Kepler rotation frequency at the
Alfvén radius. A more realistic accretion torque is calcu-
lated by Ghosh & Lamb (1979), which is well-approximated
by Na(1− ωs) (Ho et al. 2014). The spin-up regime for this
torque is shown as the solid line and cross-hatched region
in Figure 2. We see that this accretion torque produces a

spin-up rate far below the observed ν̇su for XTE J1751−305
and IGR J00291+5934. Other accretion torque estimates,
such as torque = Ṁ(GMrco)

1/2 or µ2/r3co, where rco [=
(GM/ν)1/3] is the corotation radius, and models, such as
those from Wang (1996); Kluźniak & Rappaport (2007);
Tauris (2012), all fail to produce a strong enough spin-up
torque.

Finally we can obtain a third estimate of the magnetic
field by noting that accretion occurs only when the fastness
parameter ωs < 1. This yields a magnetic field

B < 2.7× 1011 G Ṁ1/2
−9 ν−7/6 (15)

That is,

B <

!

2.4× 108 G for XTE J1751−305
1.1× 108 G for IGR J00291+5934

, (16)

indicated in Figure 2 by where the solid line drops to
zero [since this line denotes Na(1 − ωs)]. This estimate is
close to that obtained from the dipole spin down [see equa-
tion (12)], but it does not explain the spin-up rate dur-
ing outburst [see equation (14)]. The obvious conclusion is
that either the accretion torque is severely underestimated
or the spin of the star changes due to some other mech-
anism. For example, a possible contributing factor is tim-
ing noise caused by motion of the X-ray hot spot, such
that the measured ν̇ is not actually a change in the neu-
tron star spin frequency (Patruno et al. 2009). However
Patruno et al. (2009) and Patruno & Watts (2012) note that
timing noise is weak in the 2002 (for XTE J1751−305) and
2004 (for IGR J00291+5934) outburst data when ν̇su was
measured (see equations 6 and 9). Therefore it appears un-
likely that timing noise could explain the entirety of the sig-
nificant discrepancy between observed ν̇ and calculated ν̇.
Alternatively, it seems reasonable to suggest that the X-ray
outburst may be associated with a crust fracture or slight re-
arrangement of the stellar magnetic field. This could lead to
a shift in the stellar moment of inertia and a glitch similar to
those seen in young radio pulsars. Noting that the observed
∆ν/ν ∼ 10−9, a level typical for smaller glitches, this expla-
nation seems a possibility. Of course, pulse-by-pulse tracking
of the signal during outburst could constrain this scenario.

4 IS THERE A CONSISTENT R-MODE

SCENARIO?

So far we have arrived at two main conclusions. First of
all, the value of the frequency of the observed oscillation
in XTE J1751−305 is consistent with an r-mode, without
any particular adjustments to our current understanding of
the physics of neutron stars, and does correspond to sensi-
ble values for mass and radius. Secondly, we have seen that,
when r-modes are not included in the modelling, the ob-
served evolution in the spin frequency (a spin up) of the star
during the X-ray outburst is not (completely) explained by
the standard accretion torque. We will now reconsider the
evolution of the spin frequency, with the r-mode included;
there are a variety of possible scenarios depending on the
state of the mode: stable versus unstable and unsaturated
versus saturated. It is easy to anticipate that inclusion of the
r-mode will make the spin evolution even more difficult to
explain, not easier. Note that Strohmayer & Mahmoodifar

c⃝ 2014 RAS, MNRAS 000, 1–8
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Figure 2. Magnetic field of XTE J1751−305 (top) and
IGR J00291+5934 (bottom) as determined by the observed spin-
down rate, spin-up rate and fastness parameter ωs. The ob-
served spin-down rate (with 90% uncertainty) produces the ver-
tical band. The observed spin-up rate (with 90% uncertainty) is
the horizontal band. The dotted and solid lines show the max-

imum calculated spin-up rates due to accretion torques Na and
Na(1−ωs), respectively. The magnetic field determined by ωs = 1
is where the solid line crosses the bottom axis.

ωs ! 1), where ωs [≡ ν/νK(rA)] is the fastness param-
eter and νK(rA) is the Kepler rotation frequency at the
Alfvén radius. A more realistic accretion torque is calcu-
lated by Ghosh & Lamb (1979), which is well-approximated
by Na(1− ωs) (Ho et al. 2014). The spin-up regime for this
torque is shown as the solid line and cross-hatched region
in Figure 2. We see that this accretion torque produces a

spin-up rate far below the observed ν̇su for XTE J1751−305
and IGR J00291+5934. Other accretion torque estimates,
such as torque = Ṁ(GMrco)

1/2 or µ2/r3co, where rco [=
(GM/ν)1/3] is the corotation radius, and models, such as
those from Wang (1996); Kluźniak & Rappaport (2007);
Tauris (2012), all fail to produce a strong enough spin-up
torque.

Finally we can obtain a third estimate of the magnetic
field by noting that accretion occurs only when the fastness
parameter ωs < 1. This yields a magnetic field

B < 2.7× 1011 G Ṁ1/2
−9 ν−7/6 (15)

That is,

B <

!

2.4× 108 G for XTE J1751−305
1.1× 108 G for IGR J00291+5934

, (16)

indicated in Figure 2 by where the solid line drops to
zero [since this line denotes Na(1 − ωs)]. This estimate is
close to that obtained from the dipole spin down [see equa-
tion (12)], but it does not explain the spin-up rate dur-
ing outburst [see equation (14)]. The obvious conclusion is
that either the accretion torque is severely underestimated
or the spin of the star changes due to some other mech-
anism. For example, a possible contributing factor is tim-
ing noise caused by motion of the X-ray hot spot, such
that the measured ν̇ is not actually a change in the neu-
tron star spin frequency (Patruno et al. 2009). However
Patruno et al. (2009) and Patruno & Watts (2012) note that
timing noise is weak in the 2002 (for XTE J1751−305) and
2004 (for IGR J00291+5934) outburst data when ν̇su was
measured (see equations 6 and 9). Therefore it appears un-
likely that timing noise could explain the entirety of the sig-
nificant discrepancy between observed ν̇ and calculated ν̇.
Alternatively, it seems reasonable to suggest that the X-ray
outburst may be associated with a crust fracture or slight re-
arrangement of the stellar magnetic field. This could lead to
a shift in the stellar moment of inertia and a glitch similar to
those seen in young radio pulsars. Noting that the observed
∆ν/ν ∼ 10−9, a level typical for smaller glitches, this expla-
nation seems a possibility. Of course, pulse-by-pulse tracking
of the signal during outburst could constrain this scenario.

4 IS THERE A CONSISTENT R-MODE

SCENARIO?

So far we have arrived at two main conclusions. First of
all, the value of the frequency of the observed oscillation
in XTE J1751−305 is consistent with an r-mode, without
any particular adjustments to our current understanding of
the physics of neutron stars, and does correspond to sensi-
ble values for mass and radius. Secondly, we have seen that,
when r-modes are not included in the modelling, the ob-
served evolution in the spin frequency (a spin up) of the star
during the X-ray outburst is not (completely) explained by
the standard accretion torque. We will now reconsider the
evolution of the spin frequency, with the r-mode included;
there are a variety of possible scenarios depending on the
state of the mode: stable versus unstable and unsaturated
versus saturated. It is easy to anticipate that inclusion of the
r-mode will make the spin evolution even more difficult to
explain, not easier. Note that Strohmayer & Mahmoodifar
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spin evolution 



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

Rigid crust with viscous 
(Ekman) boundary layer 
would lead to sufficient 
damping… 
… but the crust is more like 
jelly, so the effect is reduced. 
Saturation amplitude due 
to mode-coupling is too large 
to allow evolution far into 
instability region.  

Keep in mind: The star’s 
magnetic field may play an 
important role, even if it is too 
weak to affect the nature of the 
r-mode itself.  
 

a “conundrum” 



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

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 the advanced LIGO/Virgo detectors  and a 1 year observation these 
constraints may improve by a factor of 50 or so (ET gives another factor of 10). 

Basically: ET may push the limit into the regime where the r-mode is expected to 
saturate (but will not reach the amplitude required to balance accretion torque). 

Cassiopeia A 



XTE 1751-305 is an accreting millisecond pulsar spinning at fs = 435 Hz.  

Recent work reports evidence for coherent oscillations in RXTE data from the 
2002 discovery burst at  

        f = 0.5727597 × fs 

This is “consistent” with an r-mode once 
one accounts for relativistic corrections. 
In principle, this would constrain the star’s 
mass (making use of radius constraints 
from other X-ray sources).  
However, the suggested amplitude is too 
large to be reconciled with the observed 
spin-evolution of the system.  
There is always a spin-down penalty 
associated with r-mode excitation, even if 
the mode is stable (unless we are missing 
something…). 
 
 

XTE 1751-305 
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A neutron star is born hot, but it rapidly cools to temperatures where the r-mode 
instability would act. If the star rotates fast enough, it should spin down as 
gravitational waves are emitted. 
1. Tracing the history of the Crab pulsar 
(fixed braking index), it would have been 
“born” at a period of 19 ms. 
2. The X-ray pulsar J0537-6910, which 
currently spins at 16 ms, would have been 
born with a period in the range 6-9 ms.  
3. The most severe constraint comes from 
observed millisecond pulsars that may have 
formed through accretion induced collapse 
of white dwarfs.  
The fastest spinning of these systems, 
J1903+0327, has a period of 2.2 ms and 
orbital ellipticity e=0.44.  

Keep in mind: Any evolutionary scenario must also allow the formation of 
recycled millisecond pulsars… 

radio constraints 



Neutron stars are Nature’s own extreme physics laboratories.  
Observations allow us to probe regimes that can never be reached on Earth, 
complementing information gleaned from colliders like the LHC, RHIC etc. 
A new generation of telescopes will (“soon”) provide a wealth of relevant data.  

final remarks 

However… these are hands-off laboratories.  
If we want to move beyond “zoology”, and make maximal use of data to constrain 
fundamental physics, we need to combine information from different “channels”. 
We need urgent progress on the theory side; 
-  next generation models should incorporate “all” the expected physics (identify 

key issues and parameterise ignorance if required), 
-  need to figure out how to model (nonlinear) systems that evolve on a secular 

timescale… 


