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The Earth’s atmosphere
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Distribution function and Boltzmann equation

z L
] l |
dr dv,
r L
W Yy
X '-."

df, (x,v, 1) _ o N d

Distribution function  f(r,v,,t) corresponds to the
number of particles of species s that, at time t, are
located in a volume element d3r about r have velocities
in a velocity-space volume element d3v, about v,
Alternatively, f, can be viewed as a probability density
in the (r, v,) phase space.

R

dt

—+v . Vf.+a V f =0

ot

oI +v Vi, +a vV, f. = oy
ot ot

ot dt dt

Vlasov equation

Boltzmann equation

% _ ”d3vtdQ‘vs ~V/|og (v, 0)(f/f/— f f) Boltzmann collision integral

a, =G+ (E+v,xB)

m

S

Gravitational and Lorentz accelerations



Moments of the distribution function

(6(v,)) = [ v Fo(r,v, DEW,)

Zero moment n, = jd3VS fs Number density
: u =ijd‘°’v v, f Drift velocity
First moment * o, sTss
3m 2
Second moment T, = ” : Id3vs (vs — us) f, Temperature

Third moment Js = %I d°v, (Vs — U )2 (Vs — us)fs Heat flow



General transport equations

a—fs+vSst +a Vv, f, = oy

ot
V-(fa,)=a,-Vf +f%=as.ws
V-(fv,)=v, -V +f (¥, )=v, Vi

T v () V- (a)= 5
3 Ofg O s . 0N v _ .
-dvsﬁt_atdvsfs_at jdVSV(vaS) V_[dva =V-(n,u,)
.ds V-(f =1d f ‘N =0 3 izans
J Vs ( sas) _! A\/( sas) n, Jd V 5 P
aarls ( us):?s Continuity equation



13-moment transport equations

Continuity equation

on,
u,) = p
Momentum equation
oM
nsm ( p S+U-V-U)+Vp, +V-T nsmsg—nseS(E+ust)=E
Energy equation

3(0 OE,
2(8pts U Vpsj+ P (V-ug)+V-q + 715 : VU _E

Pressure tensor equation

—8;5 +Uy - V1, +1:S(V-us)+—§]S [Bxt, -1 xB]+ pS[Vus +(Vuy)' —%(V~us)l}+
S

2 2 2 ot

+g|:vqs + (Vqs)T _g(V'QS)I}+|:Ts VU + (Ts 'VUS)T _g(rs :Vus)l:‘ =—=

Heat flow equation

0q 7 7 5 5 kpy
+Ug -VQs + =05 -VUug + =05 (V-Ug) +=(VUug) - + ——— VT +
6'[ S qs 5qs S 5qs( S) 2( S) qs 2 ms S nsms

7k 1 e o
——VT,————Vp, |1, ——>q,xB=—"2=

(V'Ts)'(psl _Ts)+

2 mg ngm



Photoionization

N, +hv —>Nj +e
O, +hv =05 +e
O+hv—>0" +e

Photoionization rate Qy(=) (i-e pair-cm™-s™)

n,(z) is the number density of neutral specie, s; (cm™)

I,(z) is the photon flux at the wavelength A; (ph-em™s™)

o = l0n
Q.::(:) = H; [—) E‘Iﬁ,[-)o—.s.i _
A= o, 1s the 1onization cross section of the photons with

wavelength A for the neutral specie s; (cm’)

2, 1s the 1onization threshold wavelength

Tonization threshold wavelength

Neutral N> 0> 0]

eV 15.58 12.06 13.62

nm 79.58 102.8 91.03




Absorption of solar radiation into the Earth’s atmosphere

hv

dl;(z)==31;(z2)n,(2)odl

dl =sec ydz for y <80°
dl = Ch(y)dz for y =80°
Ch( y) 1s the Chapman function

I,(z. p) =1, exp(-r(z. 4. 7))

I, 1s the unattenuated photon flux at the top of

A

atmosphere

r(z. A y)=secy> oy | n,(z)dz

5 a0

the optical depth

0,(2)=ny(z) X107 exp(-7(z. 4. 1))

A=Ay

the photoionization rate



Chapman production function.

£—Z —l
n,(2)=n, (fﬁ}f‘-‘ip[— % |
5
H. = kT the neutral gas scale height
m.g

Mo T | ns(z"dz" =n,(2)H,

120 — (z—z
- 1 . - =~ HD} a
. - T(z,A, y)=sec Iz.rzs(_xﬂ}exp|:—T:|ﬂ;£Hs

200 — ! s
= -
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=
= -
Z 160 —

H H
Chapman production function

i Q(z)= Imﬁf""ﬁ(z,})exp[— (z=20) —n(zU]J”Hsecgexp[——[z — Eﬂ)ﬂ

140 |

120 = Ni 07 O

NN S I T — The altitude of the peak production rate
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Ionization rate (cm'ss']}

100

2 = 20+ Hln|n(zg) Ho® sec 7|

~m
The maximum production rate

Jog™ cos y
Oz Y)=—————
Q- 2) Hexp(l)



Excitation and ionization by auroral electrons

Kinetic (classical) approach

Q! (h) =[N, (][ o' (E) f (E,h)dE

Q;— excitation rate at altitude h(cm3s1)

[N;] — concentration of the atmosperic gase (cm-
%)

oi(E) — exitation cross section of stae j (cm?)

f(E,h) — differential electron particle flux at
altitude h (evV-1 cm? s?)
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Auroral electron transport equation

of o e of e vi dB \1-p® of o
+ IV —+| =&~ =
ot os m ov (m 2Bds) v ou &
U =CoSa, a - pitch angle, s - distanse along the magnetic field line
g, —externally parallel electric field

D = Z_E f, E —electron energy

m
m o® o 0 (@j+[e5” 1 dle—ﬂ2 od  [m &

+ +egEu—
E ot “ s MoE 2 ou \2E &

E B ds
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Auroral electron transport equation

Steady state, no electric field, constant magnetic field
8®(E S, ,u)
oS

Losses of electron with energy E and pitch angle p due to elastic and
a=0(E,s, u)Zn (5)o" (E) inelastic collisions

—a—-b+c+d+f+Q

L(E)®) Energy losses due to collisions with thermal electrons

b:ne(s)a(é—E

Production of electrons with pitch angle p due to
c=> n(s)ot (E)I p(E, 1’ — u)®(E,s, ./)dy’ elastic scattering of electrons with pitch angle
k

Production of electrons

) t , L with energy E and
d=>n(s)) o] (E+AE - E)I P;(E+AE, 1" > )®(E+AE,s, 1)du’  pitch angle p due to
k j -1

inelastic collisions

Production of secondary

i —an(s) _[U.on(E N E)I pX (E', 1/ = p)®(E',s, u')dE'dy/  electrons with energy E and
E+AE pitch angle u in ionization

on



Electron collision cross sections

Electron cross sections for N2

Cross section (cmz)
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Excitation and ionization by auroral electrons

Energy approch

Qi (h) = p[N Py (n)

A(E,
W (h) = p(h)_[ ﬁ)(E) f,(E)dE - electron energy deposition rate at altitude h (eV cm= s)
E

p(h) — atmosphere mass density at altitude
h (gm sm3)

a, A(E,I/R(E)) — normalized energy dissipation
function
ay,[N,]+a,,[0,]+2,[O] Hned
ay, =la, =0.7,8,=04

[N;(h)] — gas concentration, (cm-3)
iI=N,,0,,0

P =
R(E) particle range (gm cm2)

| = hd(h) - distance from the top of
-['O( () ionosphere (h,) til altitude h in

&) - energy cost of
mass units (gm cm-2)

excited state j, (eV)

fo(E) — initial differential electron particle flux at the top of
ionosphere (hy) (eVt cm2st)
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Excitation and ionization by auroral electrons
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Excitation and ionization by auroral electrons

Excitation energy cost

Electron energy lost on excitation of gas i
W, (h) = [N, (][ f(E)> 1,6*(E)dE
E k

I, - excitation threshold of ki state of gas i

Excitation rate of ki state of gas i

Qf(h) =[N, (][ f (E)ot (E)IE
E
Excitation energy cost of ki state of gas i

= const

et (h) = )
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Ql
Q2
Q3

R4

Ro6
R7
R38

Reaction

Photoionization

O+hv—=0" +e¢
O, +hv—> 07 +e

Ny +hv— N3 +e
Dissociative recombination

NO +e—=N+0O
O +e—0+0

Ny +e—>N+N
Ton-molecule reactions

0" +0, >07 +0
O +N, - NO" +N
NI +0, - 07 +N,
Ny +0— 0" +N,
N; +0—NO™ +N

Chemical reactions

, When photochemestry is more important than transport
Rate constant

3 .1 .. . . .
o s processes, the continuity equation for ions and electron 1s
dn;
di — 4y T s

where P, 1s the production rate and L. is the loss rate.

dn( Ny
Efr 2 O, —[k3n, + kgn(0,) + (k7 + kg (O n(N3)
4.0x107(300/T,)" )
1 95 X 1D-I(3 OGJTe)G % = Q2 s Jff"_l”{O"' ]}}{Oz } + kﬁ”{N; ]”{OE “J _ ;\-2 ”gn(oz_)
2.2x107(300/T)"
dHEfO ) _ 03 + k(N3 IN(0) = [kyn(0y) + ksn(Ny) n(0™)
I
2.1x101
1.2x10™" -
50> 10-11 % =ksn(O " (N, )+ kgf'I(N;)H(O) _ kﬂ'fgﬁ?(f\rOJr)
0.8x10"
1.3x10" dn,

—E=01+0,+ 0 o)+ k01 + ks



Altitude (km)

Earth ionosphere layers
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Fi-layer:

Fy-layer:

NO+hv(A=1216nm)— NO™ +e

Oy +hv(d <10nm) — 05 +e

Ny, +hv(A<10nm)— N3 +e

Very complicated ion composition (positive and
negative ions, water cluster ions)

Chemical processes dominate.
T, ~T;~T,

Oy + hv(80nm < A <102.8nm) — O; +e
O, +hv(lnm < A <10nm) — OF +e

Ny +hv(lam < L <10nm) = N5 +e
Dominant ions are NO™ 05 . N3

Chemical processes dominate
I,~T,~T,

Ny +hv(10nm < A < 90nm) — N3 +e

Ny +hv(10nm < A < 90nm) — N7 +e
Dominant ions are NO™. 05, N3
Chemical processes dominate
I.>T =T,

O+hv(10mm < A <90nm) —> 0" +e

Dominant ion O~

Transition from chemical to diffusion dominance.
I,>T;>T,



Quadratic and linear lows of electron loss

F> region (=200 km)

E.F, regions (90-180 km) Dominant ion is O~
. . : v d I‘.'f O+
Electron production rate % _ HE{ ) _ 0,-L(0%)
i i

P,=0+0, +05=0°

O loss rate
+y = N~ +
Electron loss rate L(o™) = I:ki]'”(oz )+ ksn(N }]’“:O )
Effective loss coeffisient

B = kqn(0y) + ksn(N;)

Liner low of the electron losses

L,= lkli':(NO+ )+ R(N’D}?e

For ionospheric plasma > n(ion)=n,

dn,
= — — 4l
at O) — Begh,
Effective recombination coeffisient
B + ey
ag —| ki n(NoO )+k3 n(o; )-I”g O, ~n(0) ~ exp(—z/ Hy)

Mg ng |

Bor ~1(Ny) ~exp(=z/Hy, )
For steady-state conditions

_z/ My —m
O exp(-Z/Hp) =exp{ N, ~ ™Mo o_}

Quadratic low of the electron losses

dan g 2 ”e = . &=
d—: = 0" —aggn, Bog  exp(=z/Hy ) kt
Electron density increases exponentially with altitude?

Involving the plasma transport is needed.



Ambipolar diffusion

F> region (>200 km)

Major ion is O~ n; =n(0")

Charge neutrality Hg =M

Zero current nu, =nu;
” du

Steady state condition = —0

Flow is subsonic (u-Viu—0

The ion and electron momentum equations along magnetic field

"?”p;- —HpeE) — 1 gy = Ny Vi (Ug) — Uy )+an.i,-1fm(un| —u;-”)
VDo —NoCE| —HgiMp | = Mg gVe; (U —Ug) )+ NgMgV gy (U —1g) )
Using #;1;V;, = HpiN,V,. the edition of the equations yields
V(De + p;) —n;(m; +mg ) g = (v, + M,V g )ity — ;)
Taking into account that m, << m; equation reduces to

the ambipolar diffusion equation

1 1 m;
Uy =y —Dyp| —Vy1; + —VT, - ]
n; T, 2kT,
2kT, . o o
= is the ambipolar diffusion coefficient
miVy,

I, +1; .
T,==* 5 L is the plasma temperature.
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\
| IIIII' — il
1E+6 a 1E+7
Electron density (cm )

Diffusion equilibrium equation

lon 1 10T,
n oz Hp Tp oz
For Tp = const
n(z) =nq exp(——(: _:D))
HP

Photochemical equilibrium equation

O
Peogr

The F region peak density occurs at the altitude where the

My, —Mp

kt

n,(z)=

~ exp ez

diffusion and chemical processes are of equal importance.
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Auroral spectrum
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Volume emission rate and intensity

O 2p*

Atomic line: 4.17 ev 15

N

0

1.96 ev ‘ 1D

Vige=Age N (cm=s1) g 9 & @ o
Akk, — Einstein coefficient for transition 1 ] 3
between states k and k' (s%) 0 — ] P

N, — concentration of atoms excited at
state k (cm3)



Volume emission rate and intensity
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J,J’ = 5l /o
AJ=0,+1 2 5 7 Xz,
T 7
' . . .. “ie 3
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Volume emission rate and intensity

Total emission from a column of unit cross section along the line of sight

A = IV (h)dh photon cm-2 str-1 s-1
h

| (Rayleigh) = 1% | (photon cm™* str* s™)



Volume emission rate and intensity

Continuity equation:
dN”

— =Q-L
a2

Productions, Q Losses, L

Electron impact .
_ * _ Radiative transfer
N+e — N +e i o

N >N +hv
Energy transfer
N+M" >N +M Quenching

N"+M >N +M

Radiative cascading

N™ —> N +hv



Excitation of atmospheric gases by auroral
electrons

Kinetic (classical) approch

Q! (h) =[N;()][ &/ (E) f (E,h)dE

Q;— excitation rate at altitude h(cm3s1)

[N;] — concentration of the atmosperic gase (cm-
%)

oi(E) — exitation cross section of stae j (cm?)

f(E,h) — differential electron particle flux at
altitude h (evV-1 cm? s?)
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Auroral emissions

Fist negative bands of molecular nitrogen ion

dN BZZJ
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dt Q
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Auroral emissions

Auroral green line

Productions -osses
O+e = 0(S)+e 0O(*S) = O('D) + hv,,,,
0,+e —>0(S)+0+e O('S) > O(D) +Nv,gs
O, +e;, > 0('S)+0 O(*S)+ NO -0+ NO
O; + N(*S) - O('S) + NO* O('S)+0, >0 +0,
O, + N(°P) = O(*S) + NO O('s)+0—>0+0

0,+N" - 0O('S)+ NO*
N, (AZ)+0 — O('S)+ N,
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Auroral emissions

Auroral green line
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Auroral emissions

Productions
O+e ->O('D)+e"
O,+e" ->0(D)+0+e"
O, +e;, - 0O('D)+0
O('S) -» O('D) + hv,,
0, +N(°D) —» O('D) + NO
O+N(*D) ->O('D)+N
O,+N (°P) > O('D)+ NO
0,+N" - 0O(D)+NO*

Auroral red line
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Auroral emissions
N2 triple band system
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Auroral emissions
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Auroral emissions
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Diagnostic of the auroral particle parameters
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Scanning photometer records at 23.24:00 UT
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Reconstruction of electron spectra from
auroral emission altitude profile
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Reconstruction of electron spectra from
auroral emission altitude profile
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Auroral electron spectra
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Deducing atomic oxygen concentration from
Vegard-Kaplan and 1NG emissions
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