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Density of neutrals (n.cm™3)

110t 10° 101 106 102 =5 the atmosphere is a
Height stratified and ionized
(km&) .
medium,

1000 = the ionosphere is

characterized by
o heights ranging from

E region
100 g
Mesosphere 90 to 1500
D region kilometers,
Stimtepli: o a neutral density
10 much larger than the
i plasma density,
Troposhere Night 9 a maximum in the
o : : - ——— plasma density
T T T T T T T 6 _3 .
400 800 1200 10® 10 105 10 107 10%cm™> in the
Temperature (°K) Density of e~ (ne.cm™3) ~ 300km hE|ght5

area (the F-region).
Fig. 1: Stratification of the earth atmosphere.

Ch. Besse, P. Degond, F. Deluzet 3D-modeling and simulations of ionospheric plasma insta



Physical context, motivations

The earth environment
Motivations of the study

Properties of the ionosphere

The ionospheric plasma :

Tonosphere

A % = reflects low frequency

ave % v
% “’,& short wave g waves,

VHE L eroumd ©= transmits high frequency
waves,

-».

AM radio
= s subjected to

instabilities (solar
eruptions, striations, ...).

Fig. 2: Radio waves transmissions and
interaction with the ionosphere.

Striations : ionospheric plasma instability observed along the earth
magnetic field lines. J
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Striations formations

Northern

Hemisphere

Time evolution of a plasma bubble
located at a 300 km altitude.
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perpendicular to the magnetic
field the plasma bubble fron-
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bility referred to as “E x B in-
stability”.
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Modeling The dynamo effect

The Euler-Maxwell system
A model hierarchy

Magnetic field lines are
equipotential for the elec-

L, wefedE. The model :

B @ Maxwell equations,
/ Plan sets into motion by the

electric filed E.

@ Euler equations with

0 collisions against
High altitude. neutrals.
Low neutral density. . . .
Collisions with neutrals set Simplications
B the plasma into motion. An

induced electric field E is

5 created @ only one ion species :
E O+

@ no chemical reaction,
Low altitude.
High neutral density.

@ electron-ions collisions
and gravity effect are
Fig. 4: The Dynamo effect. neglected.
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Modeling

Notations

Ne, N; electronic, ionic density

Ue, Uj electronic, ionic velocity

Upn neutral velocity

P., P; electronic, ionic pressure

Ve, Vj electronic-neutral, ionic-neutral collision frequency
Me, mM; electronic, ionic mass

J = e(nju; — neue) | current density

pc = e(nj — ne) charge density
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Euler equations
L. (ne) =0,
(neuek) —0x Pe
( i) =

m; Ly, (n; u,k)

The Maxwell system

—6tE V x B = —puqj,
6tB+V><E 0,

V- E = pc/eo,

V.-B =0,

pec =q(ni —ne), j=q(nju;

Lorentz

— ene(Ex + (ue X B)k) +neFex,

Ox Pi + qni(Ex + (ui x B)k) + niFi, )

| With the following definition for
the transport operator :

Lu(p)=0p+V-(pu),
and the friction forces :
Fe= _Veme(ue - Un)7
F,' = —V;m,-(u,- — u,,) .

— Nele).

3D-modeling and simulations of ionospheric plasma instabilities
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Scaling relations

. . Di ionl .
Physical parameter | Typical scale p;g:‘;:? ess Typical value
Time t t' =t/t 10% s
Length X x' = x/x 10° m
Speed u=Xx/t Ul jp = Uein/U | 10° ms™?
Density n ng; = Nei/f 10*?]10"® m~3
Magnetic field B B' = B/B 107°T
Electric field E=1uB E'=E/E 1073 Vm™?
e-n collision freq. De V. = Ve /e 10% s
i-n collision freq. U= T=p, vi = v/ 107257t

The rescaled Euler-Maxwell system
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Some dimensionless parameters

'}

[ intensity of the induced magnetic field compared to the ambient
earth magnetic field,

% number of e-n or i-n collisions during a cyclotron period,
¢ ratio of the electronic and ionic masses,
« ratio of the typical velocity and the speed of light,

7 ratio of th typical time and the time between two ions-neutral
collisions,

©

7 measure of the thermic energy.
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The rescaled Euler-Maxwell system

Euler equations

8tne + V (neue

Lorentz friction

—10x Pe — ' ne(Ek + (te X B)k) — Vene(Uek — Unk),

7€ (Lu. (e Uek)
Orni +V - ( uj
7 (Lu; (njuik)

)
)=
u;)
)=

naxkp + K i(Ek+(ui X B) )_Vl I( Uik — unk);

Maxwell system [
aOtE —V x B=—(j,
atB + V x = 0,

Typical values of the plasma density
nj e = 1012|105 m=3

ety _ e=10"*% =101
p n=10, k=10"*
V.B=0, a=10"12 B3=10"%10"2

Pc = Ni — Ney, KJ = NjUj — Nele.
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The rescaled Euler-Maxwell system

Euler equations

8tne + V (neue

7€ (Lug(Netek)) = —10x, Pe — k' ne(Ex + (te X B)k) — vene(uek — Unk),
atr'l + V ( uj

7 (Lu; (i)

)
)=
u;)
)=

naxkp + K i(Ek+(ui X B) )_Vl I( Uik — unk);

Maxwell system [
aOtE —V x B=—(j,
atB + V x = 0,

Typical values of the plasma density
nj e = 1012|105 m=3

ety _ e=10"*% =101
p n=10, k=10"*
V. B—o, a=10"12, §=10"510"2.

Pc = Ni — Ney, KJ = NjUj — Nele.
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The rescaled Euler-Maxwell system

Euler equations

)
0=—nOg Pe — K" ne(Ex + (te X B)k) — Vene(Uek — Unk),

atnl +V- (nlul) = Oa
7 (Ly; (niui)) = =10 Pi + 1 " ni( Ex + (u; X B)i) — vini(uix — unk)

Maxwell system [
aOtE —V x B=—(j,
atB + V x = 0,

Typical values of the plasma density
nj e = 1012|105 m=3

ety _ e=10"*% =101
p n=10, k=10"*
V. B—o, a=10"12, §=10"510"2.

Pc = Ni — Ney, KJ = NjUj — Nele.
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Modeling

The rescaled Euler-Maxwell system

Euler equations

)
0=—nOg Pe — K" ne(Ex + (te X B)k) — Vene(Uek — Unk),

atnl +V- (nlul) = Oa
7 (Ly; (niui)) = =10 Pi + 1 " ni( Ex + (u; X B)i) — vini(uix — unk)

Maxwell system [
-V x B= _ﬂ.jv
atB —+ V X E = 0,

Typical values of the plasma density
nj e = 1012|105 m=3

e=10"%  r=10"1
=10, k=104
V.B=0, a=10"12, B=10"5/10"2.

0 = pc, = quasineutrality

Pc = Ni — Ney, KJ = NjlUj — Nele.
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The dynamo effect

Modeling The Euler-Maxwell system

A model hierarchy

Euler-Maxwell

‘sﬂo,aao

MHD hierarchy Hall-MHD Dynamo hierarchy
" )0/ \T\ﬂ 0

Finite conductivity-MHD | | Massless Hall-MHD
ol bao
| Massless MHD | | Dynamo |

;3_,0\ /_,0

Fig. 5: Model hierarchy.

= Dynamo hierarchy : standard plasma density,
= MHD hierarchy : high plasma density.
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Main assumptions and properties

Assumptions :
1= quasi-neutral plasma : ne = n; = n,

1= the magnetic field is reduced to the earth magnetic field and
0B/0t = 0. We choose B to be aligned with x3 (or x) coordinate,

ix the aligned conductivity is infinite : K — 0,

15 no incoming or outgoing current flowing through the boundary with
normal parallel to x5 (reconnection to the neutral atmosphere).

The “Striation model” main properties : [

@ the electric potential depends only on the two first coordinate (plane
perpendicular to the magnetic field x, ),

@ by integrating the elliptic equation along the magnetic field line the
problem is reduced to a bi-dimensional one.
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The multi-layer “Striation model” (rescaled variables)

%—FV-(nu):O
_ExB Vp\ B\ B .
o=+ (=) ) oy £ Vet
Vi-J. =0,

1
JJ_:W(—O’(XL)VJ_(b-I-UnXB—?]VLPJ_XB),

U(XL):/Wde Un:/m/undX3, PJ_:/P(n)dX3.

v,

@ 0/|B|? : Pedersen conductivity integrated along a magnetic field line,

@ 3D transport equation, 2D elliptic equation.
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The 2D “Striations model” (rescaled variables)

Assumptions :
i All quantities only depend on x_,
= u,3 =0and VP =0,

on
E—FV( u)=0

u, X B
v(|B|2W>‘ ( EE )

ExB
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The "E x B" instability

Oen+V - (nu) =0, Recall that v = (V¢)* and
V - (nh) =0, h=—-Vo¢—uy =uj— ue.
h=-V¢— ur.
sz T Un —U,J,' sz lun _U'J;
— n> - n >

tu tu tu
NEgN-Ey N ENE /D
N anRva VAR

lu n < ul lu n <

Fig. 6: Stable configuration Fig. 7: Unstable configuration
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The Striations model is widely used by phy- iy
sicists e.g. I

@ Ronchi, Similon, Farley (1989), il
@ Zalesak, Ossakov, Chaturvedi (1982). B

= Mainly 2D model,

1= poor description of the variations along
the third coordinate,

1= Cartesian geometry. Fig. 8: Magnetic field
tube in Cartesian
geometry.
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A curvilinear coordinates for non uniform magnetic field.

Dipolar model for the earth ma-
gnetic field :
1= Axisymmetric field
B =(B,(r,2),0,B,(r, z),
(r,0, z) being the cylindrical
coordinates;

5 use of Euler Potentials :
V- B=VxB=0= 3
B(r,z),~(r,z) such that

B=-Vy=(V'3),

1= magnetic field lines are
described by

Fig. 9: Magnetic field tube with (a, B) = constant.

Cartesian coordinates.
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The Striation model

A curvilinear coordinate set

Fig. 10: Curvilinear coordinate system
associated to the dipolar magnetic field.Fig. 11: Magnetic field tube using a
dipolar model.
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The Striation model in a non-uniform magnetic field
(physical variables)

Assumptions : no transport in the direction aligned with the magnetic fields
and no pressure term.
on 0 (Via rvig
o (o) oy () o
ot O« Bl |B|
09 1 0¢

55 T TEaa’

= Aa_ — (As=5 ) = P
aa< a)ﬂw(%g) 5a T 88

Ymax Ymax r2 d,.y
Aa B /min C r2|B|4 ’ Aﬁ B /min né_ W ’

i dy s rdy
Jna*_/ "Cunﬁw, Jnﬂ*/ nCUnaWa

min min

Via = I
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Simulations with non-uniform magnetic

Simulation domain : One magpnetic field tube,

1z The domain is discretized thanks to several
layers,

= each layer being discretized with a Cartesian
mesh,

Initial condition :

<tehis

v earth ionospheric model : IRI (International
Reference lonosphere),

=5 earth neutral atmosphere model :
MSISE-1990 (Extended version of the Mass
Spectrometer Incoherent Scatter Model).

Fig. 12: Discretized
magnetic field tube.
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Simulations with non-uniform magnetic field

b\
?’ ‘s,\\l,
)

T = 00h00m00s 7 ) — T = 15h31m26s

Fig. 13: Plasma bubble evolution.
(The wind blows from the left to the right)
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Some assumptions may be relaxed :
© quantities may vary along the magnetic field line,

© a constant ions-neutrals collision frequency is not acceptable : (see
Fig. 14),

10000

1000 \
100

o Fig. 14: lons-neutrals collision
' frequency (s™*) versus altitude
o (km).

0.001

0.0001
o 200 400 600 800 1000 1200 1400 1600 1800 2000
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Transport in the aligned direction and pressure term

Assumptions :T = T = T;, hence P = nkg 2T.

Striation model with pressure term and transport in the aligned direction

00 2 (o) i (G (520) + 2 (350)) =0
1 06 B 0P

99 . .
96> T THBlaa’ T UM T enc oy

d¢ 99\ _ 0 9 ,
%o <A ) a5 (Aﬁaﬁ) = % (Jna + JPa) + 95 (Jng + Jps) ,

Ymax d,y Ymax rzd,y
Ao = O A= Loy
[ osamm =]

Via = r

Ymax d,y Ymax r d,y
J, a — — nB T2 Jn = o T )
o= [ g e [ e i
J B /x"rmax 1@ d,‘/ J . /x”ymax 1@ d,",
Pa — S P ‘Jf/ B|2 ) PB — Lo % Ol IB_|2 .
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Plasma density evolution (“Aligned transport”)

e ==
6650 6700 750 40 6650 6700 6750 0

T=0 T = 30 min

— ===
Y — 40 6650 6700 6750 40

T =1h 00 min T =1h 30 min
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Non constant i-n collision frequency

The Striation model

ot +aa (7o) +18R g5 () =o.

9¢ v 7_L%
B3’ B Bl oo

96\ . D [, 90\ e . Ong

8a<A )+86<A8ﬁ>3a+8ﬁ’
- Ymax d,y B Ymax r2 d,.y
A“‘/m,.n "¢ B[ A@‘/m,.n " TBR

Ymax d,y Ymax r d,.y
Jna:_/ "CUnﬁW, JnB:/ nCUnaWa

min min

Via = ¢

m;
C = — V.
e
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12
x 10
x 10" — — ]
12 8200 -
=) 12
8000 S
10 o
‘ 10
7800) —
8 T
- s
7600 -
6 - >
7400 RS 6
4 ——— ™
7200 w__ s 4
]
<
. =
2 7000 4 SR
° Y 2
-600 -400 -200 0 200 400 600

(b) Central layer
(a) Field tube

Fig. 15: Simulation carried out with a constant i-n collision frequency.
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8000

6 7500
. \

2 —\\
600 400 200 O 200 400 600 10 10" 10" 10 10"
(b) Central layer plasma (c) n¢ integrated along
density (m—3) at t=2 h. magnetic field lines.

(a) Simulation domain.

Fig. 16: Plasma density evolution with a non constant i-n collision frequency.

Collisions at low altitudes are very frequent : the plasma is set into
motion with the neutral wind without any instability development.

3D-modeling and simulations of ionospheric plasma instal
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The Striation model
More accurate physic

Solution :
Use the Striation model in a small domain where it is valid. J

d 7500

600 400 200 0 200 400 600

(a) Simulation Domain.
(b) Central layer plasma (c) nk integrated along

density (m—3) at t=2 h. magnetic field lines.

Fig. 17: Plasma density with a non-constant i-n collision frequency.

Conclusion : J

Relax the infinite aligned mobility assumption : the Dynamo model.

3D-modeling and simulations of ionospheric plasma instal
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The 3D-Dynamo model

Euler-Maxwell

¢s—>o,a—;0

MHD hierarchy Hall-MHD Dynamo hierarchy
" )0/ \f\a 0

Finite conductivity-MHD | | Massless Hall-MHD
T—0 ‘ ‘ B —0
| Massless MHD | | Dynamo |

6%0\ /ﬂo

Fig. 18: Model hierarchy.
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The 3D-Dynamo model

The 3D Dynamo model

= quasi-neutral plasma : n = ne = n;,
1= the magnetic field reduces to te earth magnetic field,

1= on the typical time scale, we assume, 0B/dt = 0,

Oen+V - (nu;) =0, pE —pt o0

Ue = Me(—E + Keu,), M, = | pnd  pf OH )
u; = M,(E =F f{I/,'U,,), 0 0 He
E=-Vo,

Ve pf w0
V-j=0, M= | —pf wf 0],
| = g — I
rj = n(ui — ue), ) 0 0

with
P _ Kle,i H _ |B| 1
el = Govez +1BR " 17~ (e 2+ B2 1~ e,

3D-modeling and simulations of ionospheric plasma instabilities
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The 3D-Dynamo model

Expression in Cartesian geometry.

ad
a—:+V~(nu;):0,
P Pe
_v. [n(M;—FMe)Vc}S} _ [nM,-(n,-un _Y ) - nMe(neun v )} )
en en
Pi
u;ZMi(E+ﬁiun——v ), E=-Vog,
en
uP = e uH = |B| ul = 1 po = Meilei
e, ,ﬁ'/i}i + |B|2 b e, ,ﬁ'/i}i + |B|2 b e, l{/e”- b e,l e b
pe —pd 0 pi o opf0
Me=| pl wé o |, Mi=| —u’ pu o0
o 0o 4l 0 0 uf
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The 3D-Dynamo model (e

The 3D-Dynamo model

1 The Dynamo model does not assume on infinite aligned conductivity.
1= The Dynamo model is valid on the whole range of altitudes.

4

@ The 3D-Dynamo model is a full 3D model : the electric potential is
the solution of a three dimensional elliptic equation.

@ Furthermore, the discretized equation is ill-conditioned due to the
large value of aligned mobilities compared to Perdersen and Hall
mobilities. }

Ch. Besse, P. Degond, F. Deluzet 3D-modeling and simulations of ionospheric plasma instabilities
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The 3D-Dynamo model
Ill-conditioness of the discretized 3D-Dynamo elliptic equation

-3
-4
-5
-6
-7
-8
-9
-10
-1
—12
-13

3D-Dynamo elliptic

equation :
2
" -V (MV¢)=-V-J,
-6
. with
. M=M.+M;
_14 'uP —/.,LH 0
o T R I
18 0 0 M“

and
(a) Perdersen and ali- (b) Ratio of the Hall P P P
gned mobilities ratio : and aligned mobilities no= e + Wi,
P /ul pH/pl H_ H _H
= He — Hi
F=pl+

Fig. 19: Mobilities ratios in decimal log scale.
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Ill-conditioness of the discretized 3D-Dynamo elliptic equation

Solve : Ap ¢ = bp, a discretization of —V - (MV¢) = b (+ Boundary cond.).
Then compute the residual R = (Ap ¢n — bn)/bp for by =1 (R1) and

by~ —V - J (Ry).

Residual norm

—IRJlI2
——||R)l|
-~ [|Rull2
~e—||R1lleo

Fig. 20: Residual norms
versus aligned mobility
- multiplier. Linear

- - system solver : ILU

- preconditioned

{1 conjugate gradient
method, with

1 50 x 50 x 50 nodes.

4 3 2

10” 10° 0
Aligned mobility multiplier

Ch. Besse, P. Degond, F. Deluzet
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The 3D-Dynamo model Perspectives

Models coupling

S

] . Zl .
2 Strategy :

(93}

7 @ Striation model for high
Qs %}7 altitudes : Qs — ¢°,
¥ @ 3D-Dynamo model for lower
altitudes Q; — ¢', i = 1,2,

z 22
Q» S @ Matching conditions on the
~— 2 boundaries ¥;, i = 1,2
¢S 5 ¢ PN

Fig. 21: Domain decomposition.
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