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Problem: Space weather

Solar wind interacts with Earth’'s magnetic field to produce space weather.
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Effects of Space Weather

How do geomagnetic storms affect us? Auroras. . .
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Effects of Space Weather
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Plasma

Solar wind is a form of plasma.
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Magnetic field lines

Plasmas carry magnetic field lines that are (almost) frozen in the plasma.
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Fast Magnetic Reconnection

Steeply varying magnetic fields can cause field lines to “snap” and reconnect.
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Simulation

How do we model space plasma?

e Resolving fast reconnection requires more computationally expensive models.
e Fast reconnection occurs only in isolated regions.

Use domain decomposition (multiscale strategy):

1. macroscale: Use coarse model in most of the domain.

2. microscale: Use fine model in reconnection regions.




Models

Models that we have implemented:

1. Macroscale model: magnetohydrodynamics (MHD): does not admit fast
reconnection

2. Microscale models

(a) five-moment two-fluid: admits fast reconnection, but structure of
reconnection region is poor

(b) ten-moment two-fluid: admits fast reconnection and resolves structure
of reconnection region fairly well

(c) particle-in-cell (PIC): potentially most accurate, but noisy unless many
particles are used (expensive)




Benchmark Problems

We are testing our algorithms on well-studied problems.
1. Brio-Wu shock problem
2. Linear waves (Alfven)

3. GEM magnetic reconnection challenge
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1-dimensional studies.

Fast reconnection is inherently a multidimensional phenomenon.
So why study 1-dimensional problems?

Because 1D simulation helps verify agreement between models:

e We need the microscale model to agree with the macroscale model where the macroscale
model is used.

e We need to verify that waves are transmitted properly across model boundaries.
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Brio-Wu shock problem.

The Brio-Wu shock problem begins withThe equivalent initial conditions for the two-fluid
constant state values to the left and right ofmodel are:
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Brio-Wu initial conditions: ion density
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Brio-Wu, r;, = 10

ion density at time t = 0.1 for rL=10
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When the Larmor radius is large (rz, = 10), the electromagnetic effects are weak and the ions
behave like an ideal gas. (At r; = 100, 2-fluid is indistinguishable from Euler.)
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Brio-Wu, rp, =1

ion density at time t = 0.1 for rl_=1
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As we decrease the Larmor radius, the solution begins to transition away from gas dynamics
(and eventually toward MHD).
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Brio-Wu, r;, = 0.1
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When t = 7, the solution is roughly intermediate between Euler and MHD.
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Brio-Wu, r;, = 0.01

ion density attime t = 0.1 for rl_=0.01
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As the Larmor radius becomes even smaller, the frequency of the oscillations increases and the
solution begins to weakly approach the MHD solution.
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Brio-Wu, r; = 0.003

ion density at time t = 0.1 for rL=0.003
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Convergence to MHD is suggested but far from confirmed. Unfortunately, computational
expense increases with decreasing Larmor radius.
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Brio-Wu: PIC

| also implemented a PIC code solver and tried it on the Brio-Wu problem.
serious energy conservation issues.

| encountered
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Brio-Wau initial conditions (¢ = 0)

Density at timet=1(

05t

05060402 0 0204 0608

Wz tyattimet=1(

05060402 0 0204 0608

Bl{xt)attimet=(

05060402 0 0204 0608

1

Fressure attimet=1(

05¢

08060402 0 0204 0608

u2(xt) at timet=(

-05¢

=

08060402 0 0204 0608

B2{xtiattimet=1(

1

05t
ot

-05}
kit

1 08060402 0 0204 0608

The initial conditions for the Brio-Wu problem.

1

Energy at timet=1C

08060402 0 0204 0608

U3(xt) at timet=(

0

-0.5}

=

085060402 0 0204 0608

B3(xt)attimet=1(

08060402 0 0204 0608

1

20



Brio-Wu PIC initial conditions (¢ = 0)
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The initial conditions for a kinetic run of the Brio-Wu problem.
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Brio-Wu 2-fluid, r;, = 0.1, = .02
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Brio-Wu kinetic, r;, = 0.1,¢ = .02
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Kinetic Brio-Wu solution




Magnetosonic Wave

| also compared the MHD, two-fluid, and kinetic models for an MHD wave called the
magnetosonic wave.
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Computations: fast
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Computations: fast magnetosonic kinetic, r;, = 0.2,t = .2
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Computations: fast magnetosonic 2-fluid,
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Computations: fast magnetosonic MHD, r;, = 0.2,¢t = .2

157

-1 08060402 0 0204 0608 1

Dengity attimet =02

"1 08060402 0 0204 0608 1

Wizt attimet=0:

1 08060402 0 0204 0608 1

Blixt)attimet=0:

MHD fast magnetosonic solution

0os

ooy

P st T

05060402 0 02040608 1

0005

04

ozt

0

-02t

-04

15

Ot

Pressure attimet=0:

u2(xtyattimet=0:

1 08060402 0 0204

Ba(xt)attimet=0:

e

05k

1 08060402 0 0204 0608 1

0z

Energy attimet=0:%

015¢

o1

005r

0
e

08-06-04-02 0 0204 0608

1

04

0z2r

U3(xt) attimet=0:

-02¢

-04

=

155

08060402 0 0204

B3(xt)attimet=0:

1

08060402 0 0204 0608

1



GEM reconnection challenge

The  Geospace Environmental Modeling http://www.glue.und.edu/~drake/
magnetic reconnection challenge problem:

e initial conditions: perturbed Harris sheet R

equilibrium (adjacent oppositely directed N
fleld ||neS) 20 0 30 3

e fast reconnection ensues: field lines develop
into an X-point.




reconnection challenge 2-fluid solution using DG
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GEM reconnection challenge 2-fluid solution using DG: |J, |
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GEM reconnection challenge 2-fluid solution using DG: |J, |
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GEM reconnection challenge 2-fluid solution using DG: |J, |
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GEM reconnection challenge 2-fluid solution using DG: |J, |
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GEM reconnection challenge 2-fluid solution using DG: p;

Log(rhoi) att=0
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GEM reconnection challenge 2-fluid solution using DG: p;

Log(rhoi) att =120
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GEM reconnection challenge 2-fluid solution using DG: p;

Log(rhoi) att =240
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GEM reconnection challenge 2-fluid solution using DG: p;

Log(rhoi) att = 260
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GEM reconnection challenge 2-fluid solution using DG: pg ———

Log(rhoe) att=0
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GEM reconnection challenge 2-fluid solution using DG: pg ———

Log(rhoe) att =120
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GEM reconnection

challenge 2-fluid solution using DG: pg ———

Log(rhoe) att =240
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GEM reconnection challenge 2-fluid solution using DG: p,

Log(rhoe) att =260
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GEM 2-fluid DG solution: reconnected flux
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