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PUC Astrophysics staff

15 faculty

36 postdocs

15 PhD students

19 MS students

>100 undergraduates

100 refereed papers/yr (2012)
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Outline

Motivation: Measurement (?) of B, evidence for decay
Structure and composition of NSs, stable stratification

“Initial conditions”: ideal MHD equilibria with axial
symmetry: poloidal & toroidal components

Beyond ideal MHD: secular evolution processes in NS
crust & core: Ohm, Hall, beta decays, ambipolar
diffusion

Conclusions & discussion
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Caveat:
Braking index

Dipole braking model.
2=-KQ' = Q=-3KQ’Q

QQ

n= o = if K = constant

Measured:n <3
(young radio pulsars):

— Dipole spin-down is wrong,
or

— dipole moment increasing
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Internal structure of a neutron star
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Stable stratification in NS core
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Baryon density (fm"3)

Equilibrium particle populations

in very dense matter
Glendenning, Compact Stars, p. 239

Non-barotropic: p(PY))
-> stably stratified

(like water with salinity gradient):
* Resists convection
(Schwarzschild-Ledoux criterion)
» Radial fluid motions
require strong forces

» Compositions adjust by
beta decays & diffusion:
long time scales

Reisenegger & Goldreich 1992;
Goldreich & Reisenegger 1992
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“Initial” conditions:
ldeal MHD equilibria

Gravitational collapse + +: “quick & dirty” setup

Ideal MHD: single fluid, perfect conductor, interacts with B
(fluid advects flux & reacts to Lorentz force)

Could yield axisymmetric stable equilibria with

— Linked poloidal & toroidal B (“twisted torus”) threading the
whole star (Braithwaite & Spruit ‘04, ‘06; Braithwaite & Nordlund ‘06)

— Stably stratified fluid (Reisenegger ‘09; Mitchell+ in prep.)

Tentative stability condition (Braithwaite ‘09; Marchant+ ‘11; Akgiin+
‘13)
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- Possibly strong, hidden toroidal

—> Energy reservoir for (low-B) magnetars (Rea+ ‘10, ‘12, ‘13)
- Non-uniform surface temperature on CCOs



Non-ideal MHD:
B evolution mechanisms

Solid NS crust:

*Resistivity: currents damped: very slow for large-scale B (Baym et al. ‘69)
*Hall drift: Electron motion (current) carries B

*Crust breaking: If strong, unbalanced Lorentz forces (no MHD equilibrium)
Liquid core: all particles move 2 include also:

Ambipolar diffusion: All charged particles drift w.r.t. neutrons, carrying B

*Beta decays change composition:n <> p +e

Goldreich & Reisenegger (1992); Hoyos, Reisenegger, & Valdivia 2008, 2010

Basis for Thompson & Duncan (1995, 1996) model of energy release in magnetars.




Plausible evolution of NSs (& their B!)

Violent birth: gravitational collapse, convection, differential
rotation, possible dynamo

Done after < 1 hr:

B settles to a stable equilibrium

Magnetic energy << initial thermal energy << gravitational energy

Fast neutrino cooling: crust freezing, superfluidity,

superconductivity

Secular B evolution:
Initially much slower than cooling
thermal energy becomes << magnetic energy
Eventually cooling balanced by magnetic dissipation (Pons & Geppert 07)
B evolution proceeds at roughly constant T




Simulations of B evolution

Many efforts; progressively improving

“State of the art”: Vigano, Rea, Pons, et al. ‘13

Includes several interesting effects

— Coupled thermo-magnetic evolution

— Realistic neutron star structure & cooling mechanisms
— Anisotropic heat conductivity due to B

— Hall drift & Ohmic dissipation; Joule heating

To be improved

I”

— “Fiducial” models have no B in NS core
— Model with B in core has no realistic B evolution

— Oversimplified model for crust breaking




Inhomogeneous temperature

1.00e 403 yr 1.00e+05 yr

g (c] T, [wev) [ 8 (c) 1) [
1 8e0s14 >0.200 Jles 14 >0.200

<0.0%0

“10es'4 =33e+14 <Q.0%0

ol

Vigano et al. 2013




Simulation
results
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High T for highly magnetized NSs, roughly as observed
Non-uniform surface T >  X-ray pulses
Hall drift couples poloidal & toroidal components & accelerates decay

Gourgouliatos+ ’13; Gourgouliatos & Cumming ’13; Marchant+, in prep.:
e Stable Hall equilibria, “attractors” (at least in 2D)




Internal B vs. Tin NS core
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Core B evolution

Two ways to overcome stable stratification - barotropic fluid

 Direct & inverse beta decays:n<=p+e

 Ambipolar diffusion: neutrons (most of mass) & charged
particles (frozen to B) decouple = 2 fluids

(Goldreich & Reisenegger 1992; 1-D simulations: Hoyos+ 2008, 2010)
— Evolution on magnetar timescales (Thompson & Duncan 1996)

— Plausible destabilization of MHD equilibria

(Mitchell, Braithwaite, Reisenegger, et al., in preparation)




Conclusions & discussion

Initial, ideal-MHD equilibrium fields probably depend on:

— Linked poloidal & toroidal components

— Stable stratification

- Allows for a strong, hidden toroidal component
Secular evolution through non-ideal MHD processes:

— Coupled thermo-magnetic evolution 2 non-uniform heating

— Erosion of stable stratification in core 2 destabilization of equilibria?
— Crust breaking if strong, unbalanced Lorentz forces appear

Still no full simulations or understanding

Might be further complicated by effects of superfluidity or
superconductivity




