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e Hall physics known to drive NS crustal oos} Sweet, Secondary
evolution for magnetically-powered sources m -

* Hall drift dominates magnetic reconnection
* NS crust and magnetar magnetospheres
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Dashed lines
at £ ~ 700 and 1780 indicate the onset of secondary islands
and Hall reconnection, respectively. The dot-dashed (red) line
shows F for a simulation restarted at ¢ = 1120 with no Hall
effect and m. = 0. (b) Thickness 4 of the dissipation region
vs. t. Horizontal dotted lines mark predicted & for the onset
of secondary islands (4 ~ 2) and Hall reconnection (4 ~ 1).
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Fig. 4. Temperature distribution in the crust of a NS (i.e. up to the bottom of the envelope) at different ages. The initial MF is purely poloidal with
(B = 10" G). The field lines are also shown. The numbers on the color-scale on the left of each figure indicate the maximum and minimum
values of the temperature (in units of 10* K) at each age. The crustal shell has been stretched a factor of 4 for clarity.
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* Fundamental observables
determined by ICs, mass,
composition
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NS magneto-thermal-rotational-magnetospheric evolution is

fundamentally a 3D problem

* Creation and dynamics of hot spots, magnetic bundles
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FIG. 5. Lines of the magnetic field generated by currents
in the crust. The coloring indicates the ratio of magnetic
pressure to breaking stress at the surface of the crust. A
portion of the surface has been cut away to show fieldlines

inside the crust, whose lower boundary 1= the gray sphere.

* Hall effect known to exhibit fundamentally 3D dynamics in

solar atmospheres, magnetospheres




e Obtain solutions to 3D
magnetic induction equation

» Spatially staggered grid
variables

 Exact solutions for Ohmic

evolution
* Upwind scheme for Hall term L1 1 ..
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« Two-step time advance, validated
In various 2D and 3D geometries
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 Non-trivial treatment of Burgers-
like behavior and shock formation

« Adaptive timestep

« Special treatment of magnetic pole




° superconducting core // analytic diffusion
° vacuum decomposition // analytic diffusion

* Generalized multipole prescription in NS crust:

* Does not imply Hall-neutral

* Legendre polynomials and spherical Bessel functions

2
) LI(1+1)CTy (x) Py (cos 6)
X
VxB= B Bg= M CiI')(x)P/(cos 6)
X
Ag = +LCT (x)P/(cos6)

« General potential formulation : B 6’ X (%’ X cpf) +§’ X Wr
* Only simplified EOS parameters in this study

» Constant conductivity, constant Hall pre-factor



Ohmic diffusion: basic analytic decay
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5kyr analytic
decay timescale

10kyr analytic decay
timescale

o

Histagram of analytic Tau vs fitted Tau from Br

107 = T ]
8}(10451 ‘‘‘‘‘‘‘‘‘‘‘‘ A1n.u1| tflfg: e-:rrurgr har : _:
= [ .
ax10" i -
- i ]
4x10 : =
o107 i 3
= , =
= . . ! ‘ . =
o 2000 4000 6000 8000 104
Time constant Tau [vrs]
. Histogram of analytic Tau ve fitted Tau frem Bth
107 - T T T i T .
8)(']0451 ‘‘‘‘‘‘‘‘‘‘‘‘ A1n' I}é%: eTrDrgr bar‘ : _:
- ! .
ax10%E i 3
- i ]
10t : 3
%10 E 3
— I ]
1
0 2000 4000 6000 8000 104
Time constant Tau [yrs]
. Histagram of analytic Tau vs fitted Tau from Br
107 - -
B 04 ;1 ‘‘‘‘‘‘‘‘‘‘‘‘ ’irlljm }LIS% -fre?'ryor bar _f
B 10t =
410" =
ox10% 3
0 5000 10* 1.5x10" 2x10%
Time constant Tau [yrs]
. Histogram of analytic Tau ve fitted Tau from Bth
107 - -
=33 04' ;1 ____________ HeinOC‘” ‘ttlﬁ‘% Ta?’ryor bar | é
sx10tE =
ax10 3
2210 3
0 5000 10* 1.5x10° 2x10%

Titne constant Tau [yrs]




* Force-free background, with toy azimuthal variation
B,o = BEE(I +a -sinB@sin(m¢))

+V.B # 0 modifies the induction equation:
4B =-nV(V-B)+nv2B

Azimuthal Normal Ohmic
drift wave diffusion

* Instability growth rate comparable to diffusion timescale
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B (t= 1.2 kyr) B (t= 9.2 kyr)
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 Normal linear instability in azimuth
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« Unstable drift of magnetic energy

 Fundamentally unstable!
« Hall drift is stabilizing
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 Usual 2D evolution, no azimuthal variation induced

e 3 evolutionary phases:
* initial cascade, toroidal saturation, late decay

* Inclusion of toroidal field introduces no new effects
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Weak and strong: factor of 3 in f
f.B/n>>1: Hall-dominated

Onset of strong B¢ admits
propagation of whistler mode

Whistler phase speed ~fHB¢

Hall cascade stabilizes unstable
drift mode
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EPHI [1.d12 G

INNER CRUST NS SURFACE
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Normal linear phase growth rate, depends on local field intensity
« Azimuthal field perturbation is function of radial location
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* Generation of two-peak feature in innermost crust
« Whistler + drift instability co-propagating? Or simply whistler dispersion?



 First 3D extensions of Pons, Vigano+ magneto-thermal model

e Also see

 Validation of fundamental physical evolution
* Thus far, benchmarking against known 2D evolution when possible

* Inclusion of self-consistent thermal evolution
e Analytic studies first!
* Electrical conductivity has strong temperature dependence

* Nonlinear whistler propagation in 3D

* 'Smearing' the physics with drift instabilites

« V7 and VfH can drive continuous bulk energy transfer

e 3D Hall cascade vs instability

* Coupled NS core field evolution

* Improvements to B-field advance algorithm
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