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SelfSelf--Consistent Hybrid ApproachConsistent Hybrid Approach
kinetic + fluid modelingkinetic + fluid modeling

Application to the Polar WindApplication to the Polar Wind
photoelectron effects, observations & theoryphotoelectron effects, observations & theory
nonnon--local kinetic collisional + fluid descriptionslocal kinetic collisional + fluid descriptions

Application to the Fast Solar WindApplication to the Fast Solar Wind
kinetic wavekinetic wave--particle interactionparticle interaction



Hybrid Approach for NonHybrid Approach for Non--local local 
CalculationsCalculations

Kinetic Kinetic ++ Fluid Fluid calculations over the same calculations over the same 
modeling rangemodeling range
Kinetic calculations to describe part of the Kinetic calculations to describe part of the 
particle speciesparticle species
Fluid equations to describe the remaining Fluid equations to describe the remaining 
partpart



Fluid CalculationsFluid Calculations
Characterize the particle properties by a few Characterize the particle properties by a few 
momentmoment quantitiesquantities
Collision frequencies are defined in order to 
characterize the “average” effects of 
collisions between particle species
Most useful when the particle distributions are Most useful when the particle distributions are 
thermalthermal, close to Maxwellian or bi, close to Maxwellian or bi--
MaxwellianMaxwellian



Kinetic CalculationsKinetic Calculations
Describe the particle species using Describe the particle species using 
distribution functionsdistribution functions (infinite number of (infinite number of 
moments)moments)
Collisional operator in equation is Collisional operator in equation is nonlinearnonlinear
due to selfdue to self--collisions (noncollisions (non--linearity difficult to linearity difficult to 
solve)solve)
Required when Required when nonnon--thermalthermal features are features are 
significantsignificant



SelfSelf--Consistent Hybrid Approach Consistent Hybrid Approach [Tam et [Tam et 
al., 1995b; 1998; Tam and Chang, 1999, 2001, 2002]al., 1995b; 1998; Tam and Chang, 1999, 2001, 2002]

NonNon--local kinetic collisional calculations local kinetic collisional calculations 
for all ion species and suprathermal for all ion species and suprathermal 
electronselectrons
Fluid calculations to determine the thermal Fluid calculations to determine the thermal 
electron properties and the electric fieldelectron properties and the electric field
Iteration between kinetic and fluid Iteration between kinetic and fluid 
calculations until results converge to calculations until results converge to 
ensure selfensure self--consistencyconsistency



Application to the Polar WindApplication to the Polar Wind

Experimental indications of photoelectron Experimental indications of photoelectron 
signature and effects in the polar windsignature and effects in the polar wind
Theory of Theory of photoelectronphotoelectron--driven polar winddriven polar wind
Model overview and resultsModel overview and results
Formulation and modeling techniquesFormulation and modeling techniques
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Field-aligned ambipolar 
electric field influences the 
outflow
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Classical Polar Wind:
Steady state, quasi-neutral, WPI negligible

Transport and dynamics only 
along magnetic field lines with 
no electrical current



Photoelectrons in the Polar Wind: Photoelectrons in the Polar Wind: 
Experimental IndicationsExperimental Indications

AnomalousAnomalous** fieldfield--aligned outward energy flux aligned outward energy flux 
of suprathermal electrons (DEof suprathermal electrons (DE--1, 1, --2 satellites)2 satellites)

*cannot be explained by the idea of thermal 
conductivity and temperature gradient



Electric potential difference: 5 – 62 V (SZA dependent)

DE-2 altitude: 600 km DE-1 altitude: 22400 km
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calculations

Dashed: 
observed e-

distributions

[Yasseen et al., 1989]



Photoelectrons in the Polar Wind: Photoelectrons in the Polar Wind: 
Experimental IndicationsExperimental Indications

AnomalousAnomalous** fieldfield--aligned outward energy flux aligned outward energy flux 
of suprathermal electrons (DEof suprathermal electrons (DE--1, 1, --2 satellites)2 satellites)

DayDay--night asymmetries in ion outflow night asymmetries in ion outflow 
velocities (Akebono satellite)velocities (Akebono satellite)

*cannot be explained by the idea of thermal 
conductivity and temperature gradient



Akebono HAkebono H++ velocity [Abe et al., 1993]velocity [Abe et al., 1993]



Theory of PhotoelectronTheory of Photoelectron--Driven Polar Driven Polar 
Wind: Energy Flux MechanismWind: Energy Flux Mechanism
Energy conservation (steady state, no cross collisions):
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where s ≡ distance along the field line
ΦG ≡ gravitational potential
ΦE ≡ electrostatic potential
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Presence of photoelectrons introduces a large Presence of photoelectrons introduces a large 
amount of upward electron energy flux (amount of upward electron energy flux (QQww > 0)> 0)
QQww carried by photoelectrons tends to decrease carried by photoelectrons tends to decrease 
with with ss to a great extent (due to collisions with to a great extent (due to collisions with 
thermal electrons)thermal electrons)
qq < 0: < 0: ΦΦEE responds with a larger decrease with responds with a larger decrease with ss

PhotoelectronsPhotoelectrons

Energy flux Energy flux Electric fieldElectric field

Dayside ionosphereDayside ionosphere AsymmetriesAsymmetries
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Theory of Photoelectron Effects in the Theory of Photoelectron Effects in the 
Polar Wind Polar Wind [[LemaireLemaire and Scherer, 1972; and Scherer, 1972; 
LemaireLemaire, 1972], 1972]

Kinetic collisionless (exospheric) calculationsKinetic collisionless (exospheric) calculations

Escaping photoelectron flux leads to Escaping photoelectron flux leads to 
enhancement in the ambipolar electric field enhancement in the ambipolar electric field 
and ion outflow velocitiesand ion outflow velocities



How to model photoelectrons in the polar wind 
more precisely?

1.1. CollisionalCollisional
Coulomb collisions affect photoelectron energy flux 
and electric field



Suprathermal particles are Suprathermal particles are 
relatively collisionless,; relatively collisionless,; 
description based on description based on 
““averageaverage”” collisional collisional 
frequency inadequatefrequency inadequate



Classical heat conduction requires collision Classical heat conduction requires collision 
mean free path mean free path much shorter than the much shorter than the 
species scale lengthspecies scale length

Coulomb collision frequency depends on the Coulomb collision frequency depends on the 
particle velocityparticle velocity

Some suprathermal particles violate the MFP Some suprathermal particles violate the MFP 
requirementrequirement

3~ −vcollν 4~ vv collMFP νλ =

MFPλ



How to model photoelectrons in the polar wind 
more precisely?

1.1. CollisionalCollisional

2.2. KineticKinetic

3.3. NonNon--locallocal

Coulomb collisions affect photoelectron energy flux 
and electric field

collisional frequencies in fluid approach 
inadequate for suprathermal particles

Dependence of transition time on particle velocity; 
inhomogeneous background n, E, B, etc.  



SelfSelf--Consistent Hybrid ModelConsistent Hybrid Model
(Photoelectron(Photoelectron--Driven Polar Wind)Driven Polar Wind)
[Tam et al., 1995b; 1998][Tam et al., 1995b; 1998]: Overview: Overview

11--D flux tubeD flux tube
NonNon--local kinetic collisionallocal kinetic collisional (Monte Carlo) (Monte Carlo) 
calculations for Hcalculations for H++, O, O++ and photoelectronsand photoelectrons
Fluid calculations (along with quasiFluid calculations (along with quasi--neutrality neutrality 
and currentand current--free conditions) to determine the free conditions) to determine the 
thermal electron properties and the ambipolar thermal electron properties and the ambipolar 
electric fieldelectric field
Iteration between kinetic and fluid Iteration between kinetic and fluid 
calculations until results converge to ensure calculations until results converge to ensure 
selfself--consistencyconsistency



Akebono PW Observations Akebono PW Observations [Abe et al., 1993; [Abe et al., 1993; 
Yau et al., 1995]Yau et al., 1995] addressed by the modeladdressed by the model

Ion qualitative features (5000 Ion qualitative features (5000 –– 9000 km alt.)9000 km alt.)
---- OO++ dominance over Hdominance over H++ ionsions
---- monotonically increasing ion outflow monotonically increasing ion outflow 

velocitiesvelocities
---- supersonic Hsupersonic H++ and Oand O++ outflowoutflow
Electron qualitative features (    1700 km alt.)Electron qualitative features (    1700 km alt.)
---- anisotropy between upward and downward anisotropy between upward and downward 

moving electron populations:moving electron populations:
TTe, upe, up> T> Te, downe, down

---- upward total electron heat fluxupward total electron heat flux

≈



H+ O+

500 km

5,000 km

10,000 kmFormation of 
double peaks 
starts at high 
altitude due 
to self-
collisions



DayDay--Night Transition Night Transition [Tam et al., 1998][Tam et al., 1998]

Four cases with different boundary Four cases with different boundary 
photoelectron to thermal electron density ratio:photoelectron to thermal electron density ratio:

(a)(a)
(b)(b)
(c)(c)
(d)(d)

Other boundary parameters identical for all Other boundary parameters identical for all 
casescases
(a) to (d): gradual transition from night(a) to (d): gradual transition from night--time to time to 
daytimedaytime

0=es nn
4105 −×=es nn

310−=es nn
3105.1 −×=es nn













NonNon--Local Kinetic Collisional Polar Local Kinetic Collisional Polar 
Wind FormulationWind Formulation

11--D flow along field line: distance D flow along field line: distance ss
Gyrotropic approximation:Gyrotropic approximation:
SteadySteady--state kinetic equation for species state kinetic equation for species jj::
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interactions with species interactions with species ii
Difficulty:Difficulty: is is nonlinearnonlinear in in 
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NonNon--Local Kinetic Collisional TestLocal Kinetic Collisional Test--
Particle ModelParticle Model [Tam et al., 1995a[Tam et al., 1995a]]
• Monte Carlo calculations [Retterer et al., 1983; 
Yasseen et al., 1989]

Magnetic flux tube

Test particles (     ,       , and photoelectrons)

Mirror force
assumed background E field profile

assumed background thermal particle profiles, 
n, u, T, to construct drifting Maxwellian 
distribution for Coulomb interactions

Obtain at 
all grid points s to 
find 
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NonNon--Local Kinetic Collisional Local Kinetic Collisional 
TestTest--Particle ModelParticle Model

Approximation in formulation:Approximation in formulation:

where where is the linearized Fokkeris the linearized Fokker--Planck Planck 
Coulomb collision operator, andCoulomb collision operator, and

and      are assumed backgroundand      are assumed background
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Fluid Equations for the entire (thermal Fluid Equations for the entire (thermal 
+ suprathermal) electron populations+ suprathermal) electron populations
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Closure assumption: thermal electron heat flux, Qe = 0



Collisional time scales for thermal electrons Collisional time scales for thermal electrons 
extremely short compared with those for other extremely short compared with those for other 
particle species particle species →→ fluid treatmentfluid treatment

Collisional transfer of momentum and energy Collisional transfer of momentum and energy 
in fluid equations for thermal electrons,in fluid equations for thermal electrons,

and             , determined from kinetic and             , determined from kinetic 
calculations (conservation laws)calculations (conservation laws)

tM e δδ tEe δδ



Convergence of ResultsConvergence of Results →→

A selfA self--consistent background forconsistent background for
SelfSelf--consistent consistent andand
SelfSelf--consistent ambipolar electric field consistent ambipolar electric field 

FPcollL ,

tM e δδ tEe δδ

Key procedure: Iteration between kinetic Key procedure: Iteration between kinetic 
and fluid calculationsand fluid calculations

a selfa self--consistent consistent 
backgroundbackground



Fast Solar WindFast Solar Wind

Proton core anisotropy: perpendicular Proton core anisotropy: perpendicular 
temperature higher than parallel temperaturetemperature higher than parallel temperature
Indication of ion perpendicular heatingIndication of ion perpendicular heating
Preferential acceleration of the alpha particles Preferential acceleration of the alpha particles 
over the protonsover the protons
DoubleDouble--peaked proton velocity distributionpeaked proton velocity distribution
Kinetic ion cyclotron resonance (?)Kinetic ion cyclotron resonance (?)



Application to the Fast Solar WindApplication to the Fast Solar Wind

Modification from the polar wind model:Modification from the polar wind model:

1.1.

2.2. suprathermal electronssuprathermal electrons: anti: anti--sunward tail of sunward tail of 
the Maxwellian electron distribution at the the Maxwellian electron distribution at the 
lower boundary (corona)lower boundary (corona)

New: kinetic waveNew: kinetic wave--particle interactions (ion particle interactions (ion 
cyclotron resonance)cyclotron resonance)

++++ → 2He ,H  O ,H



Effects of Ion Cyclotron Resonant Effects of Ion Cyclotron Resonant 
HeatingHeating

Diffusion:Diffusion:

wherewhere

andand depends on depends on s andand , but not , but not 

Diffusion term rewritten in FokkerDiffusion term rewritten in Fokker--Planck form, Planck form, 
incorporated into incorporated into Monte Carlo calculationsMonte Carlo calculations

ii

j
j

j

j

t
f

f
vv

v
vB

Bv
v

E
m
q

g
s

v ∑ ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

∂
∂

−
∂
∂

−
∂
∂

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−−

∂
∂

⊥⊥
⊥ δ

δ||

||

2

||
|||| 2

'

jj fD+

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂
∂

∂
∂

+
∂
∂

∂
∂

=
⊥

⊥⊥
⊥⊥ v

Dv
vvv

D
v

D jjj
1

||
||

||

jf||jD ⊥jD ||v



[Tam and Chang, 2002]

Formation of Formation of 
doubledouble--peakedpeaked
proton velocity proton velocity 
distribution (due distribution (due 
to the presence to the presence 
of sunward of sunward 
propagating propagating 
waves)waves)

a

b

c

a to c: increasing sunward 
propagating waves



SummarySummary

SelfSelf--consistent hybrid model: kinetic + fluid consistent hybrid model: kinetic + fluid 
calculations over the same altitude rangecalculations over the same altitude range
Kinetic: all the ions and suprathermal electrons Kinetic: all the ions and suprathermal electrons 
(Reason:(Reason: nonnon--thermal and/or kinetic effects, thermal and/or kinetic effects, 
including velocity filtration effect due to including velocity filtration effect due to 
collisions)collisions)
Fluid: thermal electrons Fluid: thermal electrons (Reason: extremely (Reason: extremely 
short collisional time scales)short collisional time scales)
Key of Model: Iteration for selfKey of Model: Iteration for self--consistencyconsistency


