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Solar Wind [Parker 1958] 2

* Plasma continuously emitted from
the sun that expands out into
heliosphere

* Drags magnetic field lines with it

* Rotation of the sun creates Parker
Spiral along field lines




Temperature Anisotropy Driven Instabilities

* Parallel and perpendicular
pressures evolve differently

* Leads to anisotropy in pressure
*  Source of free energy

In the double adiabatic approximation: =
- ( o ) =0 dmB)_,
dt \mnB/ dt | (mn)®]

nm:.-B = constant %f;q = constant

Parallel Firehose Instability Criterion: Pj — P, —
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Gkeyll/Ten Moment Equations/Closure

* Simulations Performed in GKEYLL

Computational framework with
multi-fluid, ten moment solver

*  Ten Moment Equations
(n,vector(u),tensor(P):

Velocity moments of the Vlasov
Equation

Moments are linked to next order
moment equation

We use a heat flux approximation
as closure

Vlasov Equation

of L 591

P aa?+ (E+ xB)

Velocity Moments:

] (vivjvk . )fdv

Closure:
901
axl,]( ~ veko(P;j — i)

= kopiwci(Pij — pdij)

k, has units (length) 1

f



Linear Stability Analysis

Assume perturbations take form
~ Exp(k,x — wt) and linearize ten
moment equations to first order

Can be represented in matrix form
wF = A(k,) F
Eigenvalue Problem

To smallest order in k, with ky = 0,

w? = izvi (1= 38y - BD)

= kz';'; (u—‘;+ P.—P))

Unstable for growth rate
Yy =Im|w] >0
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Parallel Ion Firehose Simulations (B = 3—20, AB =By —B.L = 100) ‘3)
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* Closure has minimal impact on initial instability growth rate

* Zeroth order evolution: E’(,)A—: + kop; AP =0

Instability Criterion



Conclusions

The two fluid, ten moment model can accurately reproduce the parallel
firehose instability for ions

The closure has minimal impact on first order perturbations from the
instability

However there is significant influence from the closure in zeroth order
evolution



Closure Comparison

*  Hammet-Perkins Closure (what we
used) [Hammet, Perkins 1990]

~ V2 . ~
« qk) = _lelkvt T(k)

* Leads to both zeroth and first order
dependence

New Potential Closure
[Ng et al 2020]

— Vt
ijk = ~ 11 X0UTK)

Gradient means there is no explicit
zeroth order dependence
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