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the Earth's ionosphere, field-aligned
currents and their closure;

basic steady-state equations;

including collisions (charged-neutral
and charged-charged);

single fluid MHD equations for the
ionosphere-thermosphere;

source of Joule/frictional heating
and momentum transfer;

coupling to atmospheric dynamics.



The First "In-situ" Observations of Effects
of Space Plasma Physics

v

George Graham (1674-1751)

noticed, =300 years ago,

v

» daily variations in the direction of a
magnetic needle.

» in Uppsala Hiorter and Celsius (1741),
» having one of Graham'’s needles,

P recorded large variations
when aurora was in the sky,

» and confirmed Graham's

Magnetic Needle of Observation i
Hans Christian @rsted




More History: Kristian Birkeland (1867-1917)

» Birkeland currents? flow
(originally vertically)

P parallel to the magnetic field B.

> VvV -j_": 0 — the closure of
Birkeland currents is crucial

» for a transfer of energy and
momentum between different
regions/regimes!

commonly they are also called FACs.



The "traditional" view in ionospheric physics:

» To close Birkeland currents, we need

1. an electric field E
2. (ion-neutral) collisions v,

» Neutral gas with velocity 4;
> To get the electric current j = e N, (Vj — V),

» solve the steady-state momentum balance for ions

av;
ot

e{E+\7’,->< B} — mivip (V; — ) = mjn,

(@ V)



The

"traditional" view in ionospheric physics:

» To close Birkeland currents, we need

1. an electric field E
2. (ion-neutral) collisions v;,,

» Neutral gas with velocity &;

> To get the electric currentf: e N (Vi — Ve),

v

solve the steady-state momentum balance for ions

e{E—k xé]—m,-y,-,,( —4) =0

» for



» With k; the ratio of the ion cyclotron to ion-neutral collision
frequencies, k; = eB/mjvj,.

=

Vil = + (2)
. . Ri 2 - . B
V,'7J_:UJ_+W(EJ_+UXB)/B
2
K - . — =0
+W(El+ux3)x5/3. (3)

> alternative writing of (3):

ﬁL—FI{;(EL—FﬁX é)/B+H?EXE/B2
1+ K?

Vi = (4)

Limiting cases:

very collisional, ki<l V=l



Limiting cases:

ki < 1:

very collisional,
(a) Collisional Case
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M. C. Kelley (1989), The Earth's lonosphere



Electrons
P analogous to ions,
» but in the Earth's ionosphere k. > 1 (from about 80 km and
upwards), therefore
V., ~ E x B/B?? (5)
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Electrons
However, both

» electron-neutral, ve,, and electron-ion (Coulomb), v,
collisions need to be considered

» in the F region (above about 250 km altitude) ve; > vep
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M. C. Kelley (1989), The Earth’s lonosphere

» To the take into account effects of Farley-Buneman
turbulence in the lower E region,

*

» anomalous collisions (v};) are assumed to represent those.

Analogous to ion-neutral, but V; — V., and 4 — V; we get



Electron-

4 —_
Ve |

Ve, l =

)
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Ve, L

» for

ion collisions

=Vl = B (6)
- Kej — 5 —
== (E.+7vxB)/B
2
+ % (EL+7 x B) x B/B. (7)
K<
Vit — tei (EL + Vi x B) /B + w3E x B/B?

= 8
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electron-ion collisions do not

contribute much to closure of Birkeland currents, v, | ~ 0;

» for very collisional ions, V; | ~ i electron-ion collisions behave
like electron-neutral collisions and can very well close
Birkeland currents.



According to Poynting's theorem a heating rate is given by

Observations with the EISCAT IS radar and estimate of v/

» for T, > T, the heating of e”s is balanced by their cooling in
inelastic collisions with neutrals;

P even the most intense heating by solar EUV raises T, only a
few 10 K over T,;

> heating by Farley-Buneman waves/anomalous v}; can be
enormously strong!

» relevant in the Sun’s chromosphere?



Intermediate Sunummary

v

v

two categories of collisions:

1. ion-electron or Coulomb collisions v,;
2. ion-neutral v;, and electron-neutral collisions v, in a partially
ionized plasma only;

both are dissipative,
ion-neutral collisions are required to close FACs

and therewith are involved in the transfer of energy and
momentum between different regions;

with possibly very large dissipation.



"Paradigms" B, V vs E,

v E. Parker

v' Crafoord prize for Astronomy in
2020 (given to one person for
achievements over life by the Royal
Swedish Academy of
Sciences/Crafoord Foundation)

> recommends to not think of E as a
cause:
> (JGR 1996): “...we suggest that
the ...task is ..effectively
attacked with the B, v paradigm’

representing the Hall resistive diffusion coefficient,
B?
= Tan (M + i)
as the Pedersen resistive diffusion coefficient, and
pz S [M/m)(m/m)
4mne? | M/7; + m/r,

8 (115)

m |
+ 7] () |

» the paper is difficult to read: CGS units, diffusion coefficients

a, B,m;

» but the ionospheric community uses conductivities

op, OH, and JH



Ohm's law for the ionosphere

— —

J=1Jj+iL
:o‘“EH—{—JP(EJ_—}—ﬁX é) —O‘H(EJ_—i—l—jX é) XE/B (10)

However, to eliminate E (Parker, 1996) we need a “generalized”
Ohm'’s law of the form E = ...!



The GOL for a PIP

= 5 j ix B/B
EJ_:_L—iXB+UPJL‘i‘20HJ2 /
Op + 0}

(11)

» different versions of GOLs (generalized Ohm's laws) for FIPs
(fully ionized ...),

> here i is the neutral velocity/wind!



The GOL for a PIP

- L = opjL + o ix B/B
- PJJ_2H12 /
op + oy

(11)

> different versions of GOLs (generalized Ohm's laws) for FIPs
(fully ionized ...),

> here i is the neutral velocity/wind!

E=§{—vxb
c

—Bl(V xb) x b] x b+a(V xb) x b+7V xb} (117)

appeared in Fujii et al., 1997
1% in Leake et al., SSR, 2014



Joule Heating

with E, J_"(and EH = 0),
» according to Vasyliunas and Song (2005)

;=7 (EL+10x B) (12)

with é v,
> eliminate E using the GOL:

ap ) .
- 9P 2o 13

» also JH has the "Cowling" factor op/ (0% + 0,);
» the Hall effect reduces JH,
» in the Earth’s ionosphere by a factor ~ 5



Conservation of Momentum
with E, J there is "ion drag"

0
Mmnpnp, (81‘ + (d- V)> U= mpg+ V (nykgT,) + mynpvn (Vi — i)
(14)

with é, v

ExB

= +j/Nee—1d  (15)

Vi— = Vo +J/Nee — i =

eliminate E with the GOL:y

> For magnetized electrons the result is:

—

0 Lo
mpnp <8t+(U-V))u:mn§+V(nnkBT,,)+j><B+...

> the Lorentz forcefx B directly appplies to the neutral gas!
> (but still needs proof for demagnetized e~s)



Self-contained dynamical system in & and B

di S,
mnnndflz = mng"‘ \% (nnkBTn) +jxB (16)
B - i jx B/B
az—vX<—an+0Pﬂ+20”J§ / ) (17)
ot op+0g
j=moV x B (18)

> 85/({% = 0 would include Alfvénic dynamics and enforce very
small time steps, rather use

0B/ot ~ 0 (19)

for practical codes and analysis.



Graham's daily magnetic variations (Sq)
> are not caused by a (tidal) neutral wind creating an "effective"
E'=E+ixB

» but rather by neutral wind differences Ad between northern
and southern hemisphere at conjugate points:

-B
=—zonal wind

van Sabben (1966), JASTP

Buchert (2000), Ann. Geophys.



The View of the Northern Hemisphere
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» Poynting flux into the Northern hemisphere

» and out of the Southern hemisphere

> the Southern hemisphere is the dynamo, Northern the load



The View of the Southern Hemisphere
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» Poynting flux into the Southern hemisphere
» and out of the Northern hemisphere
> the Northern hemisphere is the dynamo, Southern the load

> the frame-independent j x B acts to reduce Al



> a very high conductivity o|| short-circuits electric potential
differences along B

» — i x B not constant along B drives currents/magnetic
tensions

> j x B forcing tries to relax to i x B constant along B

> effectively transfering momentum between different regions



The real driver of Sq dissipation

with B, ¥ (sort of):

» Zonal kinetic energy flux, sum of N and S:

nm Ax
2 2
_ hm 2 2

= 2Ax<u +Au) (21)

Ein = ((u—Du) + (u+ Au)’) (20)

» assume that Sq succeeds in dynamically eliminating Au
» conserving momentum;

» then Ej;, has been reduced to

Evin = %Ax 2 (22)



Atmospheric Gravity waves in Partially lonized Plasma

Time (UT)

Traveling ionospheric
PHASE ————————] Disturbances, Verhulst et al.

C. Hines, 1960 (2022), JSWSC
dii

m,,n,,ﬁ =mpg + V (npkgTpy) + x B

P the basis for AGWs is the momentun equation for the neutrals
gas with gravity and pressure term,

» coupling to the partially ionized ionosphere via f>< B:

P linearize and dispersion relations?

» not yet done, AFAIK, Nordita project?



Summary

» Including partially ionized plasmas there are two types of
collisions in plasmas:

| charged-neutral and
[I' Coulomb collisions
» ion-neutral or both combined can effectively close field-aligned
currents;

» closing FACs/releasing magnetic tension dissipates energy and
transfers momentun between regions/layers potentially over
large distances;

» atmospheric waves may collisionally couple to plasma and the
magnetic field, and so to plasma dynamics;

» this would be relevant in the Earth’s
ionosphere/thermosphere, other planetary atmospheres, stellar
and galactic atmospheres (?)

P the complete linear theory, dispersion relations etc remain to
be solved.
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