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1、Introduction

Pulsar observations             Physics in NS interiors
1) Mass                                          Equation of state   
2) Rotation frequency                 Viscosity of cold dense matter
3) Surface temperature              Thermal physics

Heat capacity
Neutrino emission rates
Heating mechanisms:  
(rotochemical heating,
Joule heating,
heating due to r-mode damping, 

etc.) 3
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2、Surface temperature observations of NSs
and the cooling theory

Yakovlev et al. (2008) , AIPC,983,379



The thermal evolution equation with the 
approximation of isothermal interior

Page and Applegate (1992) , ApJL,394,17 5



Slow and fast neutrino emission processes
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No superfluidity Proton superfluidity K9max
cp 108.6T ×=

Yakovlev et al. (2008) , AIPC,983,379
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3、NS cooling with the heating due 
to  the r-mode damping

In contrast, the growth of the modes can be suppressed by the 
viscosity of the stellar matter.

Andersson et al (2001)

R-mode in a perfect fluid star with arbitrary rotation due to the 
action of the Coriolis force with positive feed back, succumbing to 
CFS instability.



R-mode evolution in neutron stars

The r-modes of rotating barotropic Newtonian stars are solutions of 
the perturbed fluid equations having velocity perturbations

where       is angular velocity of  the unperturbed the star,   
is the dimensionless amplitude of the perturbation,
is the magnetic-type vector spherical harmonic:
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(Owen et al. 1998)First-order r-modes

In spherical coordinates, solving the linear fluid equations at the first 
order of the r-mode amplitude(    ), we can get the r-mode solutions:
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Second-order r-modes
At the second order of the r-mode amplitude (Sa 2004)

A and N are two constants determined by the initial condition. 

●This second-order solution gives a differential rotation, producing 
large scale drifts of fluid elements along stellar latitudes.

● Sa & Tome (2005) suggested N = 2l -1 and redefined A by 
introducing a new free parameter K as
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The physical angular momentum of the l=2 r-mode calculated 
up to the second order is (Sa & Tome 2005)

For K = -2， J(2) =0， Jr return to the first order case.

is the total angular momentum of the star, 

is the magnetic braking timescale.
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R-mode evolution

Spin evolution of NSs

Thermal evolution of NSs
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Long-term evolution of 
isolated NSs

prolongs duration

enhances the heating effect



S H Yang et al , MNRAS, 2010
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Conclusions:
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4、The rapid cooling  of Cassiopeia 
A NS and its explanations

Heinke and Ho, Nature, 2009



Age of Cas A:

Rapid cooling of about 4% in 10 years!

18
Shternin et al. MNRAS, 412 (2011) L108



Superfluid Model

Rapid cooling of Cas A 
NS is triggered by 
“breaking and 
formation of Cooper 
pairs(PBF)” Neutrino-
emission process.

Page et al. Phys.Rev.Lett, 106, 081101 (2011)
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Superfluid Model
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Shternin et al. MNRAS, 412 (2011) L108



[Science News] 2011.2.4 
Supernova to superfluid 

[New Scientist] 2011.2.4 
Neutron star seen forming exotic new state of 

matter

[NASA press release] 2011.2.23
NASA’S Chandra Finds Superfluid in Neutron star’s 

core 

[Nature news] 2011.4.1
Superfluid state for Galaxy's youngest neutron star?
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http://www.sciencenews.org/view/generic/id/69541/title/Supernova_to_superfluid
http://www.newscientist.com/article/dn20084-neutron-star-seen-forming-exotic-new-state-of-matter.html
http://www.nasa.gov/mission_pages/chandra/news/casa2011.html
http://www.nature.com/news/2011/110201/full/news.2011.64.html


S H Yang, C M Pi, X P Zheng, arXiv:1103.1092 22

The rapid cooling of Cas A NS suggested that the 
star is experiencing the recovery period following the 
r-mode heating process.

http://xxx.lanl.gov/abs/1103.1092


S H Yang, C M Pi, X P Zheng, arXiv:1103.1092
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http://xxx.lanl.gov/abs/1103.1092


Comparison between Two Models

Page et al. Phys.Rev.Lett, 106, 081101 (20
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5、Summary

The heating due to r-mode damping enables us to 
explain the surface temperature data with NS model 
composed of only npe matter, without the including of
superfluidity or exotic particles.
The heating due to r-mode damping enables us to 
explain the rapid cooling of Cas A NS  without the 
triggering by “breaking and formation of Cooper 
pairs(PBF)” Neutrino-emission process.
Thermal emission is closely related to compositions and 
internal physics of neutron stars, which is believed to 
become future probe into NSs.
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Thank  you!
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