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RCM Physics Model

 Three pieces:

— Drift physics: Inner magnetospheric hot plasmaubetiion on closed
magnetic field with flow speeds much slower thagrthal and sonic

speeds while maintaining isotropic pitch-anglerdisition function
Field-aligned currents connecting the magnetospaed ionosphere

assuming charge neutrality.
lonospheric perpendicular electrical currents @edtric fields in the

current-conservation approximation

Plasma population and electric fields are in qeéeic equilibrium.

Kinetic (multi-fluid?) formalism that differs frorwhat is traditionally called
“ring current” models.
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RCM Physics Assumptions

Magnetosphere:

» B-field is known

* Magnetic field lines are equipotentials (typically)

« Pitch-angle distribution of magnetospheric pagals maintained isotropic

 Plasma bulk flows are slow compared to therma¢d@and Alfven travel time
(thus, inertial currents are neglected)

lonosphere:
* |lonosphere is a “thin” conducting (anisotropic) Ithe
» Electric field in the ionosphere is potential
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Modeling Region
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* In the ionosphere, the modeling region includesdiffuse auroral oval (the boundary
lies in the middle of the auroral oval, shifted savhat equatorward from the open-closed
field line boundary).

S
ﬁ

= - Middlc Plasma Sheet
asmasphere Belis

Inncr Plasma Sheet

* The modeling region includes the inner/centraspla sheet, the ring current, and the
plasmasphere.

*Region-2 Field-Aligned currents (FAC) connect meigpsphere and ionosphere
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Alfven layer formation
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Basic Physics

Inner magnetospheric—"

electric field shielding

|

L o k%4 v

XGSM

RCM overview

T

—10

10

Formation of region-2
field-aligned currents
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Synthetic HENA images of Storm-Time Ring Current
(preliminary unpublished results)
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RCM ldea

Inner magnetosphere is 100% ionized

FORMALISM: transport 3-d problem reduces to a 2aobem, E-
order in time v = ds

B
 Flux-tube volume:
* Energy invariant:
h=nV

* Density invariant:

* Break down energy distribution function of elecisand ions into
“channels” of different and trace time evolution of each of them.

10/10/2007 RCM overview




Particle Drift Transport

 Closed magnetic field lines

 Plasma sheet particle pitch-angle distributioisatropic
(due to chaotic motion of particles in the neustadet)

e Flows are much slower than thermal and sound
velocities (no inertial currents)
E'B_ W.B NB_ 2WB’K
VD = 2 + 3 + 2
B gB gB
« Euler potentials B=Na  Nb

E(x)" B(x) , B(X)’ NW, (/,x,t) _B” NH
B(x)? qB’ qB’

|, =WV 23 (x) Vpl/,x1)=

) =nV(x) T N _o . kX1)
7/t+VD( XN (X ) =S P(x.1)

ooy — k(X) _ | 2m
00 = = g B 0OV

» Electron precipitation losses:
» Charge-exchange for positive ions
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RCM lonospheric Grid

* lonospheric polar orthogonal_ grid that goes q(i,j):1°+(i-1)d—‘_7 .a d_c_7 ) d_C_l
from the pole to ~10 degrees inv. latitude di o £ di o di g,

 Typical resolution is ~150 points in latitude, - - % +F a'ipp -F a'ipp +F 'pCd . where

~100 in MLT. Spacing is variable in latitude,
usually uniform in MLT. Can be easily varied. F(x)=xarctan)- 05In(x*+1)

« Equatorial plane mapping changes in time,
grid there is non-orthogonal.

» Equatorial boundary is a circle of constant
MLT. Polar boundary does not coincide with a
grid line and moves in time.
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RCM Transport Equations:
« Take a distribution function and “slice” it intorivariant energy” channels: | =WV 23 (x)

 For each “channel”, transport is via an advectqoation:

Al Y _ (%)
gt Vol XA, (e =-T
Vg (1) = E(x.1)” B(x,t) . B(x,t)’ NW( ,x,t)

B(x)? qB(x,1)?

where the equations are in non-conservative fona,iathe &,b) parameter space these
“fluids” are incompressible

* lonospheric grid, when B-field is assumed dipolarler potentials can be easily defined
that are (essentially) colatitude and local-timelang
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RCM Transport Equations: Numerical Method

Eulerian scheme for a large set of (not-coupledieixg@y) hyperbolic advection equations.
Time-stepping: explicit, first- or second-ordetrtime.
Spatial derivatives: need methods that minimizenerical “diffusion” (able to preserve

sharp gradients/discontinuities in solutions).pace,
use high-order wave-propagation method [R. Leveque]

Base solutions on first-order upwind Godunov method
with bi-linear local reconstruction for higher-acaay

and wave limiting for reducing spurious oscillatcand
numerical diffusion to modify solutions near distiaities
(flux limiters, slope limiters, etc.)

For advection equation in conservative form, thithod is equivalent
to FCT methods.

But RCM equations are not in conservative form g@ood reason).
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Wave-Propagation Methods for Solving Transport Eq.

 Fora 2-D hyperbolic PDE:
— start with a 1-D Riemann solution to build a fiestler solution
— add second-order corrections
— add transverse propagation
— corrections for transverse propagation
o Stability: CFL is

wheremand| are maximum wave speeds in theandy-directions.
e The source term is done via the Strang splitting.
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RCM Transport Equations: Numerical Methods

Software-wise: CLAWPACK package is
used developed by Randall LeVeque of U.
of Washington

Provided not only the software to build
solutions but also a Riemann solver for the
advection equation.

Software is standard Fortran-77, for 1-D,
2-D, and 3-D cases (also AMR and many
other things). Leveque published a book
on wave-propagation methods for
hyperbolic PDE’s. It is in public domain,
used by many people.

Package is easily modifiable.

For each “slice” of the distribution
function of each species, compute drift
velocities and call CLAWPACK to
advanceh’s by a given time stept
(adaptive time-stepping is also available
but not used currently). The usual CFL
stability criterion applies.
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Comment on numerical diffusion
In RCM and global MHD codes

« [tis interesting to note that numerical diffusioas kind of opposite
effects in MHD and RCM:

 Because MHD describes the plasma in terms of deasd pressure,
which have inward gradients, numerical difftusionve®plasma from
the high-pressure, high-density inner magnetosptioctiee tail.

« The RCM describes the plasma in terms of theibdigion function as
a function of “invariant energy”, and that decresasarthward.
Consequently, numerical diffusion in the RCM tetaldiffuse
particles earthward.
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The Vasyliunas Equation

 The Vasyliunas equation shows how
pressure gradients in the magnetosphere
drive currents in and out of the
magnetosphere.

* It can be derived from adiabatic drift
theory (compute perp. drift currents and
balance them) or from ideal MHD eqns.
(neither derivation is pretty).

« J,is field-aligned current density into
the ionosphere}, /B is current per unit
magnetic flux.

V. E. gives net flow in/out of flux tube

« Although it is written at ionospheric
altitude, re-write of RHD in terms of
Euler potential shows it is constant
along field lines. In the RCM, V.E. is
applied at the base of ionosphere, on
lonospheric grid, central differencing.
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lonospheric Current Conservation Equation

F is constant along field lines in the ionosphere
« B-field is dipolar at ionospheric height
* “Thin-shell” approximation:

« Both hemispheres are “wired in parallel” (and ogbnoal
grid in one hemisphere maps to orthogonal gridhén t
other hemisphere—no “By” effects)

« Take total perpendicular current in the ionosphere

« and match it to the net field-aligned current:

10/10/2007 RCM overview
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“Fundamental Equation of M-I coupling”

Current conservation equation at ionospheric hgngigc shell (assumd3.=B;,):

R, 4= SNF +3, )= (3, - I, )sin|
Vasyliunas Equation (assumBs=B;,):
J||in ) \J||is — \J||in - ~J||is :EN\/' Np
B, B B B
Combine two together:
Nh>(- SNF +JW): B sin| %NV' Np

2nd-order PDE:
— RHS is evaluated by central differencing
— Variable coefficients
— High-latitude boundary condition: Dirichlet

— Low-latitude boundary condition: mixed with
2nd.order spatial derivatives (simple model of eqcttgjet)
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Variable coefficients (Conductivity Model)

Conductance tens&has two sources:
S, =S5 +DS,
S, =Sy " +DS,

— solar EUV background conductance
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Variable Coefficients (Conductivity Model)

1/2
Jm=en KT, IP =9y (%)
2pm,
Contribution from auroral electron 5
S . Ef(E)d’v mv? F..=E..J" /e

precipitation (diffuse aurora): evaluated E,, oy whereE = avg ~ Savg¥|
from the electron population assuming (Eydv 80E
a fixed fraction of the strong pitch- DS, =—— [F.,
angle scattering rate and applying the 16+2E,,
Robinson et al. formulas: DS, = 0_45(2Eavg)oss
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“Fundamental Equation of M-I Coupling”

Central-differencing scheme leads to a systemmeflt equations (NxN, N~10,000):

Ax =b
which, with the current grid point ordering, lodkse:

M, R, O L,
L, M, R, 0
A =
O L NJ-1 M NJ-1 RNJ—l
RNJ I-N.] MNJ
where 1 -¢ 0 0
. 1 . c, O -c, O
2
0 C, 0 c,
R, = L, =
M, =
0 -¢ 0 -c,
c, 1 C,
0 -c, 1

A is large, sparse, banded (seven diagonals are m)rimé wide (with the bandwidth
comparable to the size of the matrix), and nonsytmm@ue to auroral conductances
and skewed high-latitude boundary).
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Solving Linear System

GMRES(m) iterative method: for linear system Ax=b

Generate (and store) a sequence of vectors: w = Ay
fori=12,...k

w0 = w® - (w g Oy 0
v kD =y (0 /Hw(k) H

The inner productsa((k),v(i)) and v(k)|| are stored in a Hessenberg matrix. The
approximate solution at iteratidis then constructed as

x (0 =5 © 4 ‘ y v
j=1
where the coefficients yj are chosen to minimizenlorm of the residuabHAx (k)|
Convergence in no more thalsteps; to avoid excessive storage, can restart (m).
Preconditioning: before solving, transform theteys
M *Ax =M 'b
where M is obtained d&U(0) & - . /ay, If originally a; * 0
(incomplete LU factorization of level 0): % = a, otherwise

for all k, andi, j >k

Accuracy of solution: Hr (k)H _ H Ax (O bH £ eI'OLHbH
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Solve 2 two-dimensional coupled problems:
- Magnetosphere: for each “species”, solve “advet
equation folh’s (particles are moved by E and grad/curve

Numerical method:

drifts): EXp”Cit Scheme
ﬂ N (X1t)
—+V X, 1) XN X, 1) =- ..
Mt pl XNy (9 (X, 1) 1. Solve Elliptic
Vo ( x1)= E(x,t)" B(x,t) , B(x,t)’ NW( ,x,1) PDE, findV
D 1 /Ny - 2 2
B(x) 9B(x, 1) 2. Compute from all
. Particle drifts result in energy channels.
o field-aligned currents due to pressure gradients:
P=2/3 AVAE 3. Advance particle
allenergy densities byDt (=2 s)
channels
. by second-order
3=, NP7 v upwind wave-
o (Hot) Particle precipitation into the ionosphere propagation method.

- lonosphere: solve for the potential (electric fjeld
- NZ(S>N2FN): J,sinl
E=-NF
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RCM Logical Diagram

e Square boxes—computed quantities

 Ovals—inputs
e Thick lines—major computations.

RCM overview
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RCM Code Detalls

Standard Fortran-90 (~25,000 lines with plentga@ihments)
Available to anybody interested (has always been).

Compiles and runs on many different platforms attl different compilers
(Lahey /Fujitsu LF95, Intel IFORT, IBM SP with Foah-XLF, Absoft,
Portland Group PGF95). Supported platforms: Liralxsters, Mac OS.
Unsupported platforms: iPod, PS3, Wii...

The speed of code is mostly determined by the murabslices of the
distribution function and grid resolution. Can &asun in real time on most
machines, but usually a factor of 2-3 slower.

I/O is currently done via “direct-access” (indexeaformatted Fortran files,
which makes them not portable. Post-processingiesil(Fortran code) to
convert direct-access files to either IDL or Tetpéadable files.

Code goes back to 1968.
Code is kept and maintained in a CVS repositanges2005.
Actively developed by our group.

Our goal is to make the RCM modular so that it lbarused with other codes.
Control structures exist for that.
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Science Goals

Broad “space weather” application is the abilitytlod model to predict keV
particle fluxes at/inside geo orbit during magnstmrms

— Physics of ring current injection

— Physics of ring current recovery

— lonospheric penetration E-fields (=> scintillagogind more generally
plasma instabilities and structuring in the ionase).

— Accurate representation of the inner-magnetospliefield, which is
important for radiation-belt studies

Global MHD is the only approach that can provittebgl B-field consistent
with the particle pressure. However:

— For an accurate modeling of ring current injectitmothP andT of the
plasma sheet are needed. It is often difficultMdiD models to get
accurate plasma shektthough they usually g&tabout right.

— To get the recovery phase right, we need accungtenation on the ion
composition of the plasma sheet. (That's impoff@nthe recovery phase,
because H+ and O+ have very different charge exgheates.)
Composition doesn't come naturally out of MHD.
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Physics of Storm-Time Ring Current

RCM depends on a number of global and regionaltsp

Most important ones are magnetic field B and pesimeet moments n,T at
the RCM high-L boundary.

These control dynamics of the storm-time ring eatnnjection.
Information on self-consistent B and n,T is neef@gdbal MHD?)
Statement of the problem:

— Storm-time ring current injection is not possitblB-field is computed
self-consistently with particle pressure in theenmagnetosphere
[Erickson and WOJIGRL, 1979;Wolf et al., JASTP1991,;Toffoletto et
al., ICS-3 1996], if adiabatic transport is assumed.

— Non-adiabaticity is generated in the central plasheet and can be
introduced in the RCM modeling region via boundeoynditions.

An example of self-consistent but limiting approac

10/10/2007 RCM overview 27




How is ring current not injected during storms?

Initial configuration with
RCM and B-field in force
equilibrium.
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How is ring current not injected during storms?

RCM overview

Driving RCM with an
enhanced polar cap
potential drop for 4
hours does not produce a
ring current injection
when B-field is
computed in force
balance. Inflation of B-
field prevents adiabatic
transport of keV particles
into the ring current
region. However...
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How is ring current could be injected during stoPms

If an ad-hoc reduction in the
adabatic parameter P¥is
Imposed at ~10 Re
(boundary moved in
compared prev. simulation)
and simulation is repeated,
then...
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How is ring current could be injected during stoPms

... A strong ring current is
formed via an interchange-
type transport on the
nightside.
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