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The impact of superfluidity and superconductivity on the magneto-therma evolution 
and X-ray observations of neutron stars.

Magneto-thermal evolutions in the core of neutron star

In  high  energy  astrophysics,  the  magnetic  field  has  a  relevant  influence  in  all  the  emission
mechanisms and in the internal dynamics of compact objects. Recently, X-ray Astronomy provided
a wealth of information on the neutron star thermal history, surface temperature distribution, surface
magnetic  field  strength  and  on  the  bursting  and  flaring  activity.  These  observations  led  to  a
proliferation of different classes of neutron stars which are mainly based on observational features.
Recent works have shown that some of these different classes may be described by a common
underlying physics which involves the coupled evolution of the magnetic field and temperature in
the neutron star interior. Despite the great advancements in this research field, our understanding of
the magnetic field evolution is still
incomplete, as these works, which
are  based  on  2D  numerical
simulations,  consider  a  magnetic
field  only  in  the  crust  under  the
action  of  Ohmic  dissipation  and
Hall  drift.  The  field  evolution  in
the core is still uncomplete, where
ambipolar  diffusion,  buoyancy,
superfluid  and  superconducting
constituents  and  their  interaction
mediated by quantized vortices are
expected to have a relevant impact.
During my Marie-Curie fellowship
(University  of  Alicante)  I  have
been  working  on  the  magneto-
thermal  evolution of neutron stars
with magnetic fields treading both
the  core  and  the  crust,  and  have
incorporated  in  a  consistent  way
the  effects  of  ambipolar  diffusion  and  superfluidity  and   superconductivity  (Passamonti  et  al.
2017).  The magneto-thermal  evolutions  are  studied by using 2D numerical  simulations,  which
solve  simultaneously  the  induction  equation  and  the  heat  transfer  equation  and  determine  the
ambipolar diffusion velocity (see Fig 1.). The results show that ambipolar diffusion does not have a
strong impact  on the  magnetic  field  evolution  for  B<1016 G,  if  the  star  is  not  superfluid  and
superconducting. On the other hand, first results show that after the superconducting/superfluid
transition ambipolar diffusion may become very important. 

Fig. 1: 2D velocity pattern of the ampibolar diffusion in 
superconducting magnetars



Quasi-periodic oscillations of magnetars

Magnetars are a class of neutron stars with the strongest magnetic field measured in the Universe, >
1014 G. In the aftermath of two giant flares of soft gamma-ray repeaters (SGRs; SGR 1806-20 and
SGR 1900+14), the spectral analysis revealed a series of quasi-periodic oscillations (QPOs), which
can be used to study the interior of strongly magnetized neutron stars. The frequencies of these
QPOs are of great interest for Asteroseismology
and it is crucial to have sophisticate theoretical
models  which  can  reproduce  the  observations.
My last work in this research area includes the
effects of general relativity, superfluidity and of
nuclear pasta phases (Passamonti & Pons 2016).
In some equations of state, the nuclear pasta is
present at the bottom of the inner crust and can
strongly influence the oscillation frequencies in
the crust. In superfluid magnetars, I find that the
magneto-elastic  waves  can  explain  the  QPO
frequencies  with  a  weaker  magnetic  field,  in
accordance  with  the  values  inferred  from
observations. In addition, core-crust resonances
are  easily  formed leading to  long-lived  modes
(see Fig. 3), which could explain much better the
observed QPOs. 

On the magnetic field evolution timescale in superconducting neutron star cores

The evolution of the magnetic field in the interior of neutron stars is a complex and controversial
research area, with several important open issues. We revisit the various approximations employed
to  study  the  longterm evolution  of   the magnetic   field   in  neutron  star  cores  and discuss   their
limitations and possible improvements. A recent controversy on the correct form of the induction
equation and the relevant evolution timescale in superconducting neutron star cores is addressed
and clarified. We show that this ambiguity in the estimation of timescales arises as a consequence
of nominally  large terms that appear  in  the  induction equation,  but  which are,   in  fact,  mostly
irrotational. This subtlety leads to a discrepancy by many orders of magnitude when velocity fields
are absent or ignored. Even when internal velocity fields are accounted for, only the solenoidal part
of the electric field contributes to the induction equation, which can be substantially smaller than
the irrotational part. We also argue that stationary velocity fields must be incorporated in the slow
evolution of the magnetic field as the next level of approximation.

Fig. 2: Oscillation pattern of QPOs in the interior 
of  superfluid magnetars.


