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Neutron star seismology 



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

Neutron star oscillations provide a probe of the interior, but developing a 
“complete” theory model is a challenge. 

Various oscillation modes may be excited 
to a relevant amplitude during the star’s 
life; 

-  following the birth supernova 

-  instabilities (dynamical/secular) 

-  crust quakes (field evolution) 

-  glitches 

-  tidal resonances 

-  binary merger 

Consider three cases – all involving “toroidal”oscillations. 



Three events to date: 

—  March 5, 1979: SGR 0526-66 

—  August 27, 1998: SGR 1900+14 

—  December 27, 2004: SGR 1806-20 

Observed quasi-periodic oscillations 
provide first evidence of neutron star 
oscillations and an opportunity for 
asteroseismology. 

Magnetic field decay in magnetars leads to the build up of crustal strain.  

Crust fractures associated with rearrangement of the magnetic field triggers 
observed giant flares. 

 

magnetar flares 
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Neutron Star Seismology

Strohmayer & Watts (2005)
Samuelsson & Andersson (2006)
Lattimer & Prakash (2006)
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J.M. Lattimer, Neutron Stars and Gamma Ray Bursts, 31 March 2009 – p. 23/28Torsional crust modes may explain the observed spectrum… 

… but the emission mechanism is not (fully) understood and the magnetic field 
may also play an important dynamical role.  

 



In fact, it is not clear that “discrete” oscillation modes exist… 
 In ideal MHD, there may be a continuum due to the 
fact that the different field lines are uncoupled. 

This “confuses” the seismology discussion as the 
impact of a continuum is not well understood. 

 

 

Recent work suggests that coupling between 
toroidal-poloidal motion may remove 
continuum. 

This would make the problem “simpler”, but 
there are likely more “twists” to come. 

How about core superconductivity? 

 

MOVIE: POLOIDAL FIELD INSTABILITIES IN 
MAGNETARS
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Alfven continuum? 

818 A. Colaiuda and K. D. Kokkotas

Figure 2. The FFT of the function Y taken at a fixed radius and varying the angular position of the observing point, i.e. the value of ! . It is evident that the
peaks are independent of the observer’s position. In addition, we can see a particular excitation in the axial spectrum at high frequencies (around 200 Hz),
probably due to the coupling with the polar spectrum.

6.2 Gravitational waves

The polar spectrum presents variations too. In particular, we can see the appearance of lower frequencies that are imprints of the coupling
with the axial oscillations. These frequencies correspond to the discrete ones of the axial spectrum. One could think that this last feature of
the polar spectrum could have an important effect in the possibility of detecting gravitational waves from magnetars. In fact, we know from
the works by Levin & van Hoven (2011), Lasky et al. (2011), Ciolfi et al. (2011) and Zink, Lasky & Kokkotas (2012) that the possibility
of detecting gravitational waves from torsional oscillations or hydromagnetic instability in magnetars is quite low. However, if density
perturbations are excited in the polar spectrum by the coupling with the torsional one, then the possibility of observing gravitational waves
could increase significantly. For this reason, we study the density perturbations that have been generated by the coupling between the axial
and polar oscillations through the formula
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The results are shown in Fig. 3: the density perturbations are several orders of magnitude lower than the normal axial perturbations. We
then conclude that density perturbations are not excited at a significant level and the possibility of detecting gravitational waves remains quite
low.

6.3 On the nature of some special modes

It is worth noting that in Colaiuda & Kokkotas (2011) two families of discrete frequencies have been found: we called them ‘crustal modes’
and ‘discrete Alfvén modes’. While the former modes are shear axial modes that can be recovered even in the absence of magnetic field,
the latter are a consequence of the presence of the solid crust and of its coupling with a fluid core and they are directly proportional to the
magnetic field strength. In addition, in Colaiuda & Kokkotas (2011), we found that if a crustal mode is embedded in the continuum, then its
energy will be quickly damped and eventually absorbed by the continuum. In the configuration that we study in this paper, the continuum
disappears and then the crustal modes can be effectively damped only if they are in resonance with the discrete frequencies of the continuum.
The speed of the damping process depends on the strength of the magnetic field: for high values of the magnetic field, the crustal frequencies,
if in resonance with the discrete modes of the continuum, are absorbed considerably faster.

Regarding the ‘discrete Alfvén frequencies’, it is difficult, in this new model, to distinguish between the edges of the continuum and the
‘discrete Alfvén frequencies’, since both of them have now a discrete nature and are proportional to the magnetic field.

Concerning the identification of the QPOs, we try to solve the puzzle of the 625-Hz QPO that has been reported in Strohmayer & Watts
(2005) and Watts & Strohmayer (2007). In our previous work, we could not explain this long-living QPO because, at high frequencies, the
edges of the continua present in the absence of coupling could not be isolated anymore since the various continua start to overlap with each
other, and the crustal modes are quickly absorbed from the continua. In this new model, the torsional spectrum is discrete but the spectrum
of the oscillations at high frequencies is too dense to allow a univocal explanation for the 625-Hz QPO. This QPO could still be explained as
a higher polar mode.

C" 2012 The Authors, MNRAS 423, 811–821
Monthly Notices of the Royal Astronomical Society C" 2012 RAS
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Young radio pulsars: Original r-mode 
window consistent with the inferred birth 
spin of the Crab PSR (19 ms), but not with the 
16 ms X-ray PSR J0537-6910. 

Recycled pulsars: Need to allow the 
formation of a cold 716 Hz PSR (presumably 
after recycling). This constrains the instability 
window at low temperatures.  

LMXBs: Fastest systems (around 640 Hz) 
require smaller instability region. 

r-mode instability 

shear bulk 

The rotation of neutron stars may be limited by gravitational emission from 
unstable r-modes. 

“Instability window” depends on uncertain physics.  Simplest models account for 
damping due to shear- and bulk viscosity. 

Interesting problem since the core physics plays a crucial role (“transport”). 

  



Combining observed systems with our understanding of heat generation/cooling 
in accreting systems, we find that our understanding of the r-mode instability 
must be incomplete.  

Given the “best estimate” for the main damping mechanisms, many observed 
LMXBs should be unstable.  

still a puzzle 

rigid crust 

no crust 

with “slippage” 

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”). 

Magnetic field is too weak to alter the 
nature of the boundary layer. 

Superfluid “mutual friction” has no 
effect.   

Saturation amplitude too large to 
allow evolution far into instability 
region. 
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glitches 
Standard model for large glitches is based on transfer of angular momentum 
from an internal superfluid component to the crust…  

… but our understanding of the dynamics is far from satisfactory.  

Global r-mode calculation for model with mutual friction and different  
background rotation rates (first time!) demonstrates “new” instability. 

Plausibly the mechanism that 
triggers large glitches. 

Short wave-length modes become 
unstable beyond critical rotational 
lag in system with strong coupling. 

Balance mode growth and shear 
viscosity damping to get; 

  2/3 4/3
n p 5

8
p critical

6 10
0.1s 10 K
P T −

−Ω −Ω ⎛ ⎞ ⎛ ⎞≈ × ⎜ ⎟ ⎜ ⎟Ω ⎝ ⎠ ⎝ ⎠

Natural link to vortex turbulence and laboratory experiments. 
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many messengers 
The asteroseismology strategy is promising, but… 

… so far we have neither accurate models, nor reliable observations. 

However, our “computational technology” is reaching the level where we can make 
meaningful statements about astrophysical scenarios.  

Magnetar QPOs have led to the first credible 
“seismology” analysis. Will future observations 
allow us to “constrain” the magnetic field? 

RXTE has provided a wealth of information. 
Will future timing missions (LOFT?) help us 
settle the issue of the apparent “speed limit” in 
accreting systems? 

Will we detect gravitational waves from 
proposed “braking” scenarios? 

Glitches seem to rely on the presence of a 
superfluid component. Will “pulse-by-pulse” 
timing resolution with Lofar and SKA finally 
allow us to decode the phenomenon? 

[Image credit: Kastaun] 


