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The parallel part of electron stress is important for macroscopic simulations in at least two or
three ways. First, it is the underlying mechanism for neoclassical bootstrap current when
balanced with other forces acting on the electrons. Second, when two-fluid reconnection occurs,
resistivity is typically too small to account for the rate of change of reconnected magnetic flux.
Electron viscosity, possibly from turbulence, is often invoked as the topology-changing effect.
Third (and related to the second), a spatial damping on the electron fluid is needed in nonlinear
simulations to avoid oscillations at the smallest scale supported by the representation. Resistivity
is just a drag on the electron fluid, so it is not very effective at damping electron-fluid
oscillations.

Implementing an electron viscosity in NIMROD is not trivial, because it requires us to solve
an auxiliary field in the magnetic advance. In terms of the charge-current density (J) and the
center-of-mass flow velocity (V), the electron velocity is

Ve=V-— S E R TV (1)
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where n is the electron number density, and Z is the ion charge in units of the elementary charge,

e. The fluid form of the electron stress (L) involves first derivatives of V., so it needs second
derivatives of magnetic field (B), since xgJ =V xB. Inaddition, the divergence of the electron

stress is proportional to a force that contributes to the electric field,
E=;7J—va+i[JxB—Vpe]—iv.g : (2)
ne ne

We need the curl of this in the magnetic advance (Faraday’s law), so the term has fourth-order
derivatives of B—explaining why simplified versions are considered to be hyper-resistivity. In
the weak form, we can integrate half of the derivatives by parts. Without an auxiliary field, that
would still require products of second-order derivatives of B and second-order derivatives of the
test functions. Our basis functions do not have continuous derivatives (for good reason), so these
terms lead to undefined products of delta functions in the volume integrals. Defining an
auxiliary field to represent stress or part of the stress leads to products of first derivatives only.

This topic of this note is the choice of the auxiliary field for the electron stress term. If we
simply choose the six unique components of I, we would need to solve a 9-vector system to
advance B. That would be horribly slow in a computation. The correct choice of a parallel
component of IT will let us solve a 4-vector system, which will not be a significant
computational penalty for the additional physical effects. We focus on the collisional
(Braginskii) form of the electron stress. However, the expectation is that the same implicit
operator used for the collisional stress will be useful as a semi-implicit operator for the integral
closures of E. Held.

The collisional form of the parallel electron stress, written in dyad notation (from notes by
Jim Callen), is
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where b is the unit direction vector for the magnetic field, and the viscosity coefficient 7
depends strongly on temperature but only logarithmically on number density. The symmetric
rate-of-strain tensor W is

W =VV, +VV,' —%(V.ve)l , (4)
so Eqg. (3) can be written as
g:—sno(ﬁ-vve.6—%V~vej(66—%lj | 5)

As apparent from Eq. (1), this includes contributions from V in addition to those from J. In
NIMROD?’s leapfrog-based advance, the contributions from V will lead to explicit terms in the

magnetic advance, apart from the fact that b also changes in time. Ignoring the changes in b for
now, the stress tensor can be separated into relatively compact implicit and explicit

contributions, AII+I1. The implicit part results from changes in V. due to changes in magnetic
field,

AHEM[B.V[VXAB].B_EV.(WABH(BB-E|j (6)
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where @is a numerical centering parameter. The explicit part results from V, which is already
time-centered from the temporal staggering of V and B in NIMROD, and from the old current
density, J™

H”5—3770{6-V(V—i\]nj.ﬁ_lv.(v_i\]nﬂ (®)
ne 3 ne

To see the effect on the operator for the magnetic advance, lump all other contributions to the
electric field into Eqmer. The magnetic advance then appears as

AB —Ath(iv-Agj = Ath(iv -Hj—Ath Eother (9)
ne ne
This is equivalent to the following system
1 ~n 1
AB_VX{HV|:V f(bb—glj}}=—AtVX Eother (10a)
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(10b)

with the coefficient
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Multiplying the left side of (10a) by a vector test function A, the left side is

A-AB+V-{AXFV-Vf(BB—llﬂ}—vXA-Fv-vf(BB—llﬂ
n 3 n 3
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where the total divergence is not repeated on the second line. Multiplying (10b) by a scalar test
function g, the left side is
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The same integration-by-parts steps are needed for the right side of (10b), because J" itself is the
curl of an expanded field, and in general, it is usually best to make the left and right sides
consistent. The weak form of system (10a-b) is then

IRdX{A.AB_VXA-{BB-V(Vf)+vf(6-V6+6V-6)—%V(vf)}
(13a)
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The symmetry of the volumetric terms is apparent in the system (13a-b) and our implicit operator
for electron viscosity can be constructed from this system with f as a scalar auxiliary field. The
surface term in (13a) is part of the Eng Surface term, so it should not need further attention.
Dropping the surface terms in (13b) may require the viscous coefficient to go to zero (smoothly)
approaching the wall.

While all of the integrations-by-parts have been performed in deriving (13a-b), more product
rules will be needed in NIMROD. The gradients on vfand vg need to be carried out on each
factor separately. Similarly, b=B/B, and only the B-vector itself is an expanded field (not its

magnitude), so the best way to evaluate the derivatives of b may be to use

2
vs:ﬂB—)zé[Bx(vXB)m-VB]

2B
in
b.vh+bv.b=Y2_ L B (vxB)--2BB.VB
B B2 B®
to arrive at
6-V6+6V-6:%B-VB—%B[B-(VB)-B] . (14)
B B

Of course, we will also need to deal with the separate steady state and with AB arising from b in
the Newton-like terms, so the full nonlinear implementation will be very complicated.
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