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solar wind

« use continuum simulation model: magnetohydrodynamics (MHD)

« challenges: transition from subsonic to supersonic flow, shocks,
scales, ...
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overview

1. the MHD model for plasma dynamics
2. numerical MHD methods

3. numerical MHD modeling of the solar
wind

University of i

iversi 5th Canadian Solar Workshop
Waterl()() hdesterck@uwaterloo.ca
A

<%



1. the MHD model for plasma dynamics

ideal MHD:
@-I-V‘(pﬁ):o PDE t
ot ' - system
dv' . . : :
po=-Vp+(VxB)xB -8 equations in
N 8 unknowns
%—B =V x (7 x B)
t -functions
% (T V)p+ApV - T =0 of space and time
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ideal MHD

MHD=gasdynamics +

— 4+ V- (pv) =0 :

ot (p?) electromagnetics

dv | = . "
p—o=-Vp+(VxB)xB E=-ixB

B . J=VxB
%—t =V X (L-" X B)

' V-B=10
0
L (7 V)p+pV T =0
ot
: P 7-¢ B-B
total energy: e= e e
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ideal MHD plasma

« one-fluid plasma (ionized gas)
* quasi-neutral plasma
 isotropic pressure

e non-relativistic

* neglects some (important) kinetic effects

 l|eads to tractable models (full 3D simulations of solar-
terrestrial system faster than real-time on parallel
computers)
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iIdeal MHD in conservation law form

_ - pU
p — —» o
o | pa pi+1(p+ BB /2) - BB
o | B | TV 7B
| e (e+p+§-[3'/2)6— m[}')ﬁ

ou . ) )
— +V-F(U) =8""
o~V EU)

MHD=hyperbolic conservation law
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conservation law

9 .

Eu + V- f(u) =0 )

d r

— ( / u(x, t)dsz) + / V- £(u)d = 0 /

dt \Jo Q

d

d—QQ(t) + ¢ (f(u) -n)dd=0

t 50
conserved quantity: Qa(t) = /Q u(x, t)ds2
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iIdeal MHD in conservation law form

_ - pU
p o o — -
o | p@ pﬁ'ﬁ+|(p+B-B/2)—BB
ot | B vB 0
el | (erprnBp)e-(e5)5

OU — Pow - . -

conservation of mass, momentum,

- magnetic flux, energy
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ideal MHD waves (hyperbolic PDES)

linear advection equation in 1D:

Ou ou
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Ideal MHD waves

1D linear advection:

u du

Lt a— =0
8t+aafL‘

sity of

Waterloo
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1D MHD:
U
4 V-F(U) = 8Fow
o (U)
ou ou
ot TAU) g =0
A=R-A-L
W=L-U
OW IOW
TR P
dw; Jdw;
ot g O
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iIdeal MHD in conservation law form

_ - pU
p o o — -
o | p@ pﬁ'ﬁ+|(p+B-B/2)—BB
ot | B vB 0
el | (erprnBp)e-(e5)5

OU — Pow - . -

conservation of mass, momentum,

- magnetic flux, energy
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gasdynamics waves

. p pv Ju Ju
0‘—1 pi | +v.| pav+lp | =v-(D) 0—f+A(U)'0—T=0
e (e +p)v '
wave speeds [P ¥
A=V, V, V, V+C, V-C P c
(a) static (b) subsonic (c) supersonic
-C +cC V-C vV+cC v-C
< o > «— @ ——> o —> V*FC >
v (<c) v (>c)
v=0 — _—
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MHD waves

Ju Ju
W-*—A(U)'E—O

Mo2=0s%tCry, A3gq=0zs%Caz, Asg=0;pFCsz, Ag=1,

9 1 [ ~vp+ B? v+ B2\’ vpB?

A= [P (2P — 4 fast, Alfven, slow:

== 2 p p p?
. B
CAz = p Cfr 2 CAz 2 Csz

2 _Y[wtB [+ B . 4 IPB:

9 p P P>

Waterloo (anisotropic waves) destorck @O g

&



wave steepening (nonlinear hyperbolic PDE)

A4

ou 0 [ u?
( ):0 ou 8u_0

ot " ox \ 2 o T U5, =

simple example: Burgers’ equation
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wave steepening

SN\

d Ou dz(t) Ou
—u(x(t = (
dt(()’) oz dt | ot
8_’u, 1w ou —0 “u is constant on characteristic
ot (9:1: curve”
dx(t
characteristic curve: di ) = u(x(t),1)
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wave steepening: shock waves are formed

ou ou dx(t)

Ot ox dt (2(2), 1)
t“/
u 1
1 t=0
0 1 :2 X ;
u t=%
/
T n et=1
t=0 ‘ .
0 T =2 X
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shock speed - Rankine Hugoniot relations

oU(x,t) N OF(U)

ot ox =0

1D conservation system:
traveling wave solution: U(z,t) = Uy = x—st)

B oU(y) OF(U)
S 9y + 9y =0

—SU + F(U) — Fconst
RH relation for shock wave: F(U,)-F(U;)=s (U, —Uy)
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MHD shocks

F(Ur) — F(Ul) =S (Ur — Ul)

s=0 in the rest frame of the shock wave

P P Uz
0 . -)
p Vs puv;+p+B*/2 - B;
F( pP U ) o pPUzU~ — BIB:
B, |7 0
By Byv_,l. - BIlfy
B: B: Ugp — B.L U~
e | (e+p+ B?)2)v, — B, (V- B) |
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MHD shocks

(a) fast (b) intermediate | (c) slow (d) fast switch-on

3 types of MHD

shocks At
bow shocks
In the solar
wind
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MHD shocks

(d) fast switch-on

(b) intermediate | (c) slow

(a) fast
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overview

1. the MHD model for plasma dynamics
2. numerical MHD methods

3. numerical MHD modeling of the solar
wind

University of i

iversi 5th Canadian Solar Workshop
Waterl()() hdesterck@uwaterloo.ca
A

<%



2. numerical MHD methods

linear advection ou ou
equation 57 T3, =0
et - - X - -
central utt —y? Uit g — Uy :
. : +a =0  n ¥—x—%
differences At 2Ax - A
-1 | J+1
unstable!
| . (TSR X - -
upwind ul — uit = Uiy -
! +a =0 : -
differences At Ax n ¥—¥——
I I S
i Ax
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conservative form

. 1 -
rewrite ult —u? N au? — Uiy 0
At Ax
* *
as ul ™t — N iv1/2 = Jil1/9 _ 0
At Ax
with numerical flux function
N * a“/u’?+1 + au? 1 n n
i+1/2 — 9 o §|a|(ui+1 — U )

conservative form: exact discrete conservation

*n *n

T 2 Tz T giVGS correct
e
| o | shock speeds
t i } f t t i } } t >
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nonlinear conservation law

inear flux function fuy: 2% 4+ 2L _
nonlinear flux function f(u):
(9t ox
conservative upwind method
ul ™t — n iv1/2 = JiZ1 )0 _ 0
At Ax
with numerical flux function
n n
i—I—l/‘Z _ 2 —|—1/2 ’I,-I—l
Waterloo destarck@uon e
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nonlinear conservative system

nonlinear system: ~ 9U  9F(U) _

ot ox
1 n*x _ nx
ul Tt — A Ve Vi R
At Ax
with
F(Un+1) +FU?) 1 (k)
?:1/2 — Z 9 i §maxk(|>‘i+1/2|)(U?+1 - U})
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system in 2D: upwind finite volume method

2D grid with discrete unknowns:

a—?+v.F(U) — §Pow

%( /Q u(x, t)dﬂ) + /Q V- £(u)d2 =0

use integrated form over
finite volume cell:

ot

k=1
U, = (// U(z,y,t) dzdy ) /S,
5th Canadian Solar Workshop
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parallel implementation

-divide work over n processors
-communicate ghost cells between neighbour processors

-
(—

(9
V)
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parallel implementation: scaling
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grids for outflow from spherical objects...

1
/ N
)
T
structured, Cartesian structured, spherical
staircase effect singularities at 2 poles
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grids for outflow from spherical objects...

structured, ‘cubed sphere’ unstructured!
singularities at 8 ‘poles’ triangles, uniform
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grids for outflow from spherical objects...
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unstructured surface grids
(refine icosahedral grids)

z y4

4 4

X X
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overview

1. the MHD model for plasma dynamics
2. numerical MHD methods

3. numerical MHD modeling of the solar
wind
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3. numerical MHD modeling of the solar wind
simple gasdynamic model of the solar wind:

TT
| \
\ ‘ P

2.5 \ ‘() |: "‘:|+T.

1.5F

T
velocity
sound speed
— — density
— — —pressure

critical point

\ \
\ \
0.5 N \ N N
0 1 1 | I. \‘x|t =.—_;_|‘——' = s e — e —
1 2 3 4 5 6 7 8 9 10
r
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radial solar wind models (1D)

(includes Parker solar wind model)

’ E) prQ _I_Q pfu,fr'2
ot purQ or pu2fr2—|—pr2

. O
- [ —pGM +2pr

. Un—l—l _Un
At

FR(UMTY) = S(UTH
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Parker’s solar wind

e ——— T
. M .-

e critical point: u=c
— wave speed u-c =0

— very slow convergence
for time-marching
methods

— singular: 0/0 in ODE

; ,
= (pur?) =0
dr

— 1 boundary condition for
2 ODEs specifies unique
(transonic) solution

du __ 2w c? (r—re)
dr — 72 (u2—c2)
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use time marching method (explicit)

TimeStep: 10

s 2| LY

m—coUtd speed

—#— denasity
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Include heat source and heat conduction

[ p’l°2 | [ pfu,’I“Q |
9 pur? _|_ﬁ pu?r? 4+ pr? —
ot (781 + pf) 2 or (77_291 + pSQ) o2

) ; _
—pGM 4+ 2pr

T
_ —pG]Wu—I—qhmtr2 —I—% (/m“2 %—T>
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solar wind in 2D and 3D

 use time-marching for solar wind
 alternative: use implicit time integration for solar wind

« most existing codes (BATS-R-US, VAC, SCAMHD,
...) are block-structured (rectangular cells in a regular
structure, using Cartesian or spherical coordinates)

e our proposed approach: use ‘unstructured grids’
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Mikic et al., Phys. Plasmas 1999

41
VXB= —], (1)

c
VXE= L 9B 2
- c c9t ’ ()

1
E+ ;VXB= nJ, (3)
P 1V .-(pv)=0 4
E -(pV)— s ( )
ov 1
p E—H’.VV =EJXB—Vp—VpW+pg+V-(Vva),
(5)
ap
§+V-(pV)=(7—l)(—pV-V+S), (6)
Wwaterioo ostorck omaterionan "
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Ulysses Fast Latitude Scan (Feb. — Apr., 1995)
(a) Top View
Heliospheric Current Sheet . . Ulysses Trajectory

(b) Bottom View

Gray: B, >0, Black: B,.<0

Mikic et al., Phys. Plasmas 1999
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Mikic et al., Phys. Plasmas 1999

Whole Sun Month
3D MHD Model NSOKP Coronal
Coronal Holes Hole Map

(b)

hat oral S;lcg‘ Observolory

EIT Fe XII Image EIT Fe XV Image
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Groth et al., JGR 2000
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Groth et al., JGR 2000

- ~ \ 27 _
Q = g exp _(r—Ro) (To—’yg)

-~

» SWOOPS (hourly)
+ SWOOPS (daily)
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other examples of solar wind simulations

« 3D solar wind simulation based on MDI (SOHQO)
(Carla Jacobs, Stefaan Poedts, using AMRVAC)
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current and planned activity

« use MDI (SOHO) magnetogram input for
reconstructing photospheric radial magnetic field of
the whole solar surface (Schrijver & DeRosa)

» use potential field with source surface to reconstruct
3D magnetic field (PFSS)

* relax potential field within MHD solar wind model
(polytropic wind model)

« implicit time integration, adaptivity are essential
« unstructured grids are suitable for this problem
 future: use new satellite observations (Hinode, SDO)
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CME propagation in solar wind

» 3D simulation of flux-rope CME (Carla Jacobs,
Stefaan Poedts, using AMRVAC)

o future: use STEREO data

| lII

B 35 -2
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¢ 200 1000 1800 2600 3400
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comparison with ACE at 1AU
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overview

1. the MHD model for plasma dynamics
2. numerical MHD methods

3. numerical MHD modeling of the solar
wind and CMEs
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questions?
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