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Why use exospheric models?

The basic solar wind problem (Parker 1958 — ....)

Momentum equation pV r’=constant [ Origin of slow
% _ _% %_P B 'V'ch P = pkeT/u decrease of T?
I I r i
= transsonic (slow) wind if T decreases slowly ¢ fDa(;tejvinn%t explain
enough

Energy per mass unit VTZ +€mLpT — MCﬁG %:Constant

(one fluid without volume ? ?
addition of energy & momentum) thermal + work o
of expansion  § graV|tat4|onaI h4eat flux/mass flux

= Base of the wind: 0.510" -2.10" +(Q/pV), J/kg

. V2
« | arge distance = _—
o Origin of large
Wy Collisional heat flux at the

e heat flux?
base too small to give V°>0
Note: if anisotropic (T, #T,) replace %kT by %kT” +KT .



Mean free path in the heliosphere
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— mean free path ¢>% insolarwind /> 10°% in corﬂna

—> Classical transport theory invalid in solar wind
Heat flux is non collisional & In corona, too



Coherent orbits versus collisional processes

collisions

M.<< M, |y Quasi-neutrality requires electric field

Forces on electrons balance

S
Electric force on electrons eE ~ — é(nngE) ~—KTe
1/#

eE¢~KT. ¢/# ~KT.

\mean free path since ¢ ~ #

% eIeCt“C f|e|d ~ Dl‘eicer f|e|d (see Scudder 1996)

collision time: ¢/ vy ~ dynamic time: (eE/mMVie)™

Yy particle coherent orbits play a major role



Exospheric models: kinetic without collisions above exobase
€~ #)

= propose a simple solution to the basic problem of fluid models,
by considering particle orbits:

Vlasov eq. = f(r,,v) = f{(r,v)

= calculating the electric field that ensures zero electric charge
and current

= and deducing the heat flux (and the temperature variation):

= Include non-equilibrium velocity distributions

—> can produce fast wind

Note: by construction (Vlasov equation):
o fulfill moment equations
e close infinite hierarchy by calculating heat flux



and relation to hydrodynamic

(Parker) wind

LET'S Sk WHAT HAPPENS
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Effect of electric field on particle orbits

Electric potential at the base = outward
electric field
m.<<m, —21% _ <1 = protons tend to be confined —
mpMG/2rg n E
— K/IB(;OZ —»1 =electrons tend to escape sun 4 —
YA
KeT/me >> KeT/my, exobase &,
¢~ %

= electric force eE > m,M,G/2r?: otherwise
escaping electron flux >> escaping proton flux
(Lemaire Scherer 1971 = beginning of successful exospheric models)

= electric potential: e ¢,> + kT olasma -
electrons i ©
Note: similarly, ks T/me >> ks T/my Is the plasma
electrons

reason why a probe in plasma charges
negatively at potential | e ¢, | > kgTe &



Effect of electric field on particle orbits: electrons

Electrons are pulled inward by the electric field .Eo
ballistic
3 kinds of electron orbits
» trapped sun
» Dpallistic lo A escaping
s 2scapin b -
ping SXORASE g, MeV2/2 > edo

¢~ #
=

Electrons don't behave as a single fluid



Effect of electric field on particle orbits: electrons

Tm v12/2 w:e¢(r)

N
trapped > sun +
/ ) ro J/ escaping
ballistic escaping @, MeV2/2 > edo

|
m v|[2/2

at distance r: f(v) ~ fol(V2 +2(wo — w)/m)2]

r~ro.. w >> KT, = For ballistic+trapped (main contribution to T):
T~T, Iif Maxwellian = T nearly constant (as hydrodynamic wind)
c.f. E. Parker

r >> ro W << [kTo, Wo] :>T o< CO?Stant + :}./I‘ 3 (Meyer-Vernet &lssautier 1998)

escaping non-escaping



Effect of electric field on particle orbits: prQtons

gravity eF

. e oln(nTe) (SUN | =—2 -

Electric field: |eE ~—42%Te) — _y, dN0Te) -__ o
— o

Transsonic wind (accelerated)
o T decreases slower than 1/r %

¢ decreases
slower than 1/r

=Total potential v
energy of a proton: ) critical
point
mpyMG
e¢ L
\
electrlc
ghiaydateNRahmum

atr >r, : Total force on a proton is outward

— all protons are escaping = have v/>0 =V >Viena
can also be proved from two-fluid model

(see Scudder, 1996, Lamy et al. 2003) ‘ 'm = I'c



Effect of electric field on particle orbits: protons
reflection by

conservation of/N~ ! gravity eE
(mirror force) trapped : - ° -
= "thermal" behavior | | .
depends on type of orbit : escaping
& trapped / ions can < '
move opposite to waves :
propagating outward W

= waves may be more effective
for them (Hollweg, JGR19909)

A forr<r, ions don't
behave as a single !

o r fuid) | o D

Compare electric and gravitational force at large distances where # ~ r/2
eE~kT./# = electric/gravitational = eE/(m,M.G/r>)~2kT./(m,MG/r) ~2 at 1 AU

Historical "matter starting from the Sun, ... subjected to an acceleration of several times
note: solar gravitation, could reach the Earth in a couple of days"(G. Fitzerald 1892)
5 years before 1897 J.J. Thompson's paper on "Cathode rays"




Effect of electric field on particle orbits

Coronal holes: small density = large free path

= exobase r, (¢ ~ 7#) closer to the Sun

= greater electric potential
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& greater wind speed
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May explain why fast wind comes from coronal holes



Note: Playing with panticle masses

m.<<m, = Electrostatic field set up to ensure electric quasi-neutrality
accelerates protons outwards

Now, imagine a plasma with m.= m, (example: electrons/positrons)

e Fluid isothermal or = transonic wind because

polytrope (P = p”) T or heat flux specified
with y < 3/2

Exospheric/Kinetic — E = 0 = No transonic wind

with collisions o _
similar result as fluid nearly

adiabatic (or polytrope with v
large enough)




Mean collisional free path: ¢/# ~ 1

Velocity distributions

Suprathermal particles
are collisionless

But for Coulomb collisions: ¢(v)e< v* O

Trajectory of an electron (N-body simulation) seck & Meyer-vernet 2008
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Velocity distributions

: Suprathermal particles
outside the scope o
of fluid models are collisionless

fasw

R l

from Meyer-Vernet,
2001

Non-thermal processes

= Kappa-like velocity

distributions should be
ubiquitous Iin space plasmas

Maxwell
K—cc

) e (1+5)

velocity distribution



Velocity distributions

...and indeed
Kappa's are ubiquitous!

® solar wind

v electrons: maksimovic & al 1997, 2006

v I0NS: Gloeckler & al 1992, Collier & al 1996

—20

VELOCITY DISTRIBUTION OF

ELECTRONS | SOLAR WIND ]

Maxwell

Kappa
function

.Y, Zouganelis™

IR N VIR I | |
) ] fg i velocity 2

® magnetospheres

v Earth: same etal 1967, Vasyliunas 1968,
Gloeckler&Hamilton 1987, Christon&al 1989

v Juplter 10NS: kiimigis & al 1981, Hamilton & al; 1981,
Kane 1991, Kane & al 1992, Collier & al 1995

electrons: Meyer-Vernet & al 1995, Steffl & al
2004

v Saturn: protons: krimigis & al; 1983

| v Uranus: krimigis & al 1986, Neptune:mauk &

al1991

@® solar corona ?
- Solar wind suprathermal electrons

7 remnants of coronal ones? olvert 1981

- Production of suprathermal particles

(temperature grad., waves, turbulence)
Roussel-Dupré 1980, Owocki & Scudder 1983, Vinas & al
2000, Vocks 2002, Vocks & Mann 2003

- Observational inferences: buton et al.

1984, Owocki & Ko 1999, Pinfield et al. 1999, Esser & Edgar
2000, Chiuderi & Chiuderi-Drago 2004, Doyle et al. 2004, Ko 2005



Temperature near r, with a Kappa distribution
How the velocity distribution

o i changes with altitude
Liouville theorem S gﬁteergt;al J
W) g e,
= With Maxwellian: T constant = 2
— With Kappa distribution: M " >
T increases from bottom to top — axwetlian
Scudder 1992 ; | =

=y bottom
No heating: velocity filtration “'?
(attractive force lets — Ay
suprathermal particles escape) W energy W

adapted from Meyer-Vernet 2001

Temperature increases near base of the wind

Note: velocity filtration might explain "coronal heating" if non-Maxwellian velocity
distribution in chromosphere (Scudder 1992, Pierrard et al. 2003, 2004)



Heat flux with a kappa distribution

® Corona

QF Heat flux Q Numerical simulatio
21 with collisions
(Pantellini & Landi 2001)

Versus «

¢/q5 (107

2 ,; EI!K :; 1.0 ;2
smaller kx = more suprathermal electrons

Q~-10 X Q. (with opposite sign!)

If x<4

heat flows from cold to hot! “IF | LEARNED ANYTHING IN MY LONG
REIGN, IT'S THAT HEAT RISES"

Olbert 1981, Shoub 1983,1988, Scudder 1992, Pantellini & Landi 2001, Dorelli & Scudder 1999, 2003



Heat flux with a kappa distribution

® \Wind Maxwellian (k—o<) Kappa
velocity distribution e
, . velocity, distribution
! escaping ' escaping
! electrons /\ electrons

Smaller x = more escaping electrons if same potential

= greater electric potential & greater heat flux

¢ (V) 10000 Q/QNC Zouganelis et al. 2005
100 K =3
10
1 Zouganelis et al. 2004 1
1 10 r/r, 100 1 r/r, 10

Olbert et al., 1981, Scudder 1992, Maksimovic et al., 1997, Meyer-Vernet & Issautier 1998, Meyer-Vernet 1999), Pierrard et al.,
2001, Lamy et al., 2003a,b; Zouganelis et al., 2004, 2005



Wind acceleration 0-~0,

. \VZ MoG
Energy per e one fluid mp2 + 5kgT — e = 4 n—% =constant

particle: 5 Q
e electrons - KgTe —e¢ +—; =constant

The electric field Is there,\\ : '\

+ T
MG
dressed up as heat flux z— T + (S%Tpo

Depending of one's language or prejudices, one can argue that the
wind is pushed either by:

- dv 1 MoG since T does not
® pressure gradient T =7 > Jecrease fast

e heat flux
e electric field

™ \yind speed: mpzvzz[%] __mpr'V'G
n ro 0

Note: Two-fluid polytrope wind (P «< p”) = e¢ = KT y/(y-1)
if y/(y-1) >>5/2: Q ~nVe¢



Wind acceleration

= \With Maxwellian:

wind pushed by pressure/electric field/heat flux

similar to hydrodynamic (Parker) wind

« \\/ith suprathermal electrons

(Kappa distribution)

e greater pressure force

e greater electric field
e greater heat flux
= greater wind speed

Maksimovic et al. 1997, Meyer-Vernet 1999, Pierrard et al.

2001, Lamy et al. 2003, Zouganelis et al. 2004, 2005
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Effect of collisions comparison with kinetic with collisions

y Heat flux
V/(2kT,/m,) Q/Qnc exlcl)spherllc
1 10l N\ collisiona
Lamy etlal. 2003, Kappa . simulation
Zouganglis et al. K =0 “Ssmmmemmrmsee-e
D 4
o K=3
%) rosolar s 1
~ 1 r/r 10
= Vring T I
= e cceecacacccneccccacccacascancssscencd
. Kinetic with CO||ISIOW |
N Maxwellian .....e==**** Lemaire & exospheric and
© --"L‘amy Al 003 Scherer 1971, Kinetic with
% -* Zouganelis et al. .. Maxwellian collisions produce
Z 200 similar wind speed
0 . and heat flux
0 transonic 05 Supersonic at the 1

base Adapted from

Thermal energy/gravitational energy 2kT,ro/m,M.G Zouganelis et al. 2005



Effect of collisions
Exospheric model calculates trajectories neglecting collisions

Nevertheless, produces results similar (qualitatively) to
kinetic model with collisions!

This is because exospheric models include (implicit)
collisions

escaping
Dy MeV2/2 >edo

Without trapped particles, one cannot impose both electric
neutrality and equality of escaping electron and ion fluxes

= no wind



10

Conclusion Ty 4& " mirror
| k. instability
Exospheric models =~ transsonic W vioswe ™
Lemaire & Scherer 1971 = suprathermal electrons B data
+ generalizations to: = Parker spiral | 7oblique
¥ fire hose
. | '! instability
e can produce fast wind from suprathermal electrons 5 1 Hellinger etal.:1996
In Corona l].D‘ID. l].1l.'l.b 1.0.0 ID.CH]f ”p
« include implicit collisions & i SIstiion L event
e should include scattering (waves) to limit Q‘iﬁt_év‘”e“g“o”
temperature anisotropy and heat? =
: S . . > Quiet
Velocity distributions in chromosphere and corona? S Y;c;ggg
Q Quiet -2
= Solar "nanoflares" (c.f. Parker 1988) produce @ aschwancen N\ W
not only waves, shocks, turbulence, jets, but S
also suprathermal particles - Active
Shimizu 1995
= Needed: measure velocity distributions in
chromosphere and corona W
\/S eCtrOSCO Crosby et al. 1993
P 24 10™°IMeyer-Vernet 2006

v solar probe (in situ) 10° Energy W (Joules) 107



