Physics of the Magnetosphere of
Neutron Stars



Recall about the internal structure of NS
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Mass-Radius Relation
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Highest known accurate mass is that of PSR J1614-2230
M =1.97 © 0.04M,, (Demorest et al 2010)



Marranghello & de Freitas Pacheco 2006
Hybrd Stars - Core Evolution ’
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Quasi-Radial Modes

Rotating stars — polar and axial modes are coupled — even the
lowest (¢ =0) quasi-radial mode radiates GWs (Stergioulas 2003)

Slow rotation — Hartle & Friedman (1973); Datta et al. (1998)

Fast rotation + Cowling approximation — Yoshida & Eriguchi (2001)

Non-perturbative approach - relativistic hydrodynamics + field
equations (Font et al. 2000, 2002)

Fast rotation — perturbative approach including variations in the fluid
variables + metric potential coefficients (Vincent 2008)



frequencies (kHz)

Quasi-Radial Frequencies
(Vincent & de Freitas Pacheco 2008)
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Polytropic Models
* F-mode frequency < Q-mode frequency
* No crossing between F and Q modes

* Mode frequency decreases with Q
* "Realistic” Models

* F-mode frequency > Q-mode frequency
forM ~ 1.3-1.4 M,

* F-Q crossing for higher masses

* For a given rest mass, frequencies are
higher for “soft” equations of state
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- initial NS mass lessthan 1.05 M,
* re-accelerated pulsar (P~1ms)

+ accretion leads to a phase
transition

Released energy — E~2x10°"erg
Quasi-radial mode is excited!

F-mode frequency— 3.0 kHz
Q-mode frequency-1.6 kHz

Maximum distance probed by the detector
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case detector D, (kpc) Dyax (kpc)

F-mode Q-mode
1 ad-LIGO 170 600
1 EGO 1290 4500
2 ad-LIGO 52 830
2 EGO 400 6250

-



Why to study magnetic field effects in NS ?

Magnetic dipole radiation drains the rotational energy of pulsars
Magnetic fields affect the spectrum of the emitted radiation

Large magnetic fields affect the internal structure of the neutron star
and its shape in particular

A Magnetic fields modify the beta equilibrium in the inner crust and
hence the equation of state in these regions

A Magnetic fields induce electric fields able to accelerate particles at
high energies



Sketch of the pulsar magnetosphere and emission mechanisms
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Magnetic field regimes

Weak regime: H<H_;, ° - critical field® - Laromosa@s bcsrs =diBo hr C
mc h° . Z° nt eé
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Magnetic white dwarfs are in this regime

Strong regime: H,,;; < H < Hg,, where Hg,, is the Schwinger field

The majority of the pulsars are in this regime. The Schwinger field is derived from
2 3
- mC
the condition ° A, =mc Y Hg, = 44 18° G

Schwinger regime: H > He, © » quantum effects are important
Sch

Magnetars belong to this high field regime



Magnetosphere of pulsars

In the limit of very high conductivity, the hydrostatic equilibrium is described by

Magnetic field cannot be neglected if °

For a typical NS: g ~ 1.9 x 104 cm/s? and K~ 0.2cm?/g® B ~1.5x108G

The magnetic field affects not only the equilibrium but also the radiative transfer,
since the opacity is not the same in the direction of the field lines and
perpendicular to them



