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ABSTRACT

A new, detailed first principle kinetic theory for electrons is
presented which is neither a classical fluid treatment nor an exospheric
calculation. This new theory illustrates the global and local properties
of the solar wind expansion that shape the observed features of the
electron distribution function, fe, such as its bifurcation, its skewness
and the "differential" temperatures of the thermal and suprathermal
subpopulations. Our approach starts with the Boltzmann equation and
retains the effects of Coulomb collisions via Krook collision operat
without recourse to wave-particle effects. We conclude that
Coulomb collisions determine the population and shape of fe of both the
thermal electrons energies (E < kT) and suprathermals (F > kT). We find
that electrons with E > 7 kT constitute a special subpopulation of the
suprathermals—-insofar as GCoulomb collisions are concemmed--these we
call "extrathermals". The electrons in the thermal portion of f have
undergone ~ 10-20 Coulomb collisions for cumulative momentum transfer
en route to the observer at 1 AU; this population is thus more removed
from the properties of coronal electrons than is the suprathermal
population. This latter group retains a strong memory of coronal con-
ditions, since they have undergone only a few momentum tramnsfer collisions.
The thermal population is most nearly in collisional contact with the
local dynamics (compressions, rarefactions, etc.) of the solar wind. The
suprathermal portion of fe is determined by Coulomb collisional inter-
actions with the distribution of solar wind material on radial scale of
the Heliopause itself. In this respect the suprathermal portion of fe is
found to be responsive to the consequences of the global dynamics of the
solar wind expamsion. We find that this subpopulation is an attenuated
vestige of collisional populations deep in the corona, (1.03-1Q ﬁa), which has
been redistributed via Coulomb multiple pitch angle scattering on magnetically

open field lines. The suprathermal particles moving toward the sun are computed
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to be observed as a result of Coulomb collision induced backscattering at
larger (1-10 AU) heliocentric distances than that of the observer. Based
on this theoretical picture quantitative estimates for the partition of
thermal and suprathermal phase density, the break in the velocity dis-
tribution and the magnitude of the skewness (heat flux density) agree
well with those typically observed near 1 AU. These calculations predict
that the extrathermal fraction of the phase density, the extrathermal
temperature, and the net heat flux density carried by electrons should
be anti-correlated with the local bulk speed in quasi-steady state flows,
and that the radial variation of extrathermal temperature
inside 1 AU should be essentially independent of heliocentric distance.

Our work also shows that the observation of suprathermal particles
cannot be éaken as a priori evidence for in situ wave particle interaction
since we can theoretically calculate a suprathermal population of solar
wind electrons at 1 AU by assuming wave particle interactions are not
present any where in the heliospheric cavity. This new way of obtaining
suprathermal particles arises from the consideration of the non-vanishing
polarization electric field that is always present in an inhomogeneous plasma.

This work suggests that the local cause and effect precept which
permeates the physics of denser media must be relaxed for electrons in
sparse and radically inhomogeneous plasmas such as are found in the solar
wind between the lower corona and the interstellar medium. The local form
of transport laws and equatiens of state (e.g., Q@ = -KVT, P = NKkT), which
are familiar from collision dominated plasmas, must be replaced with
global relations that explicitly depend on the relative position of the

observer to the boundaries of the system.



INTRODUCTION

In this paper (I) we suggest that the typical distribution function
of solar wind electrons in a quasi-steady flow is shaped primarily by the
properties of Coulomb collisions and the "smooth" macroscopic fields
implied in the solar wind expansion. TFollowing a straightforward
mathematical procedure, we illustrate how some of the controlling effects,
both local and global, are reflected in the in sgitu obsexvationms.

In companion papers we discuss: (II) the consequences of this theory

and its comparison with known experimental facts, (III) the impact of

this approach on the question of transport phenomena (such as heat flows
viscous effects, etc.) in the heliosphere and the relation of the current
formulation to canonical transport methods, and (IV) a mathematically more
rigorous formulation of the problem discussed in T.

Historically, theoretical treatments for solar wind electrons have
variously approximated the electrons as either: [1] part of one fluid
model of the wind (Parker, 1963), [2] as a separate fluid interacting
via Coulomb (local) momentum transfer with the ions (Hartle and
Sturrock (1968)), or [3] as an exospheric (“collisionless") population
above some radial distance (Jockers, 1970)). Ogilvie and Scudder (1978)
showed with in situ measurements between 0.45 and 0.9 AU (Feldman et al.

(1978 at 1 AU concur) that the local mean free path, A, for scattering of

thermal electrons (core) via Coulomb effects was less than the conventionally

defined scale height, H, implying that Coulomb effects could not be
neglected even within 1 AU. Therefore, the propagation of electrons
neglecting particle-particle collisions from a baropause to the in situ

ohserver is not the correct kinetic description of the solar wind's



expansion insofar as electrons are concerned. However, Ogilvie and
Scudder (1978) indicated that A/H was not vexry small compared to unity
indicating that the fluid treatment was not justified either. It is
therefore fruitful to explore the effects of Coulomb collisions im
shaping the in situ distributions, by not making either the exospheric
or fluid approximation.

The observations of Ogilvie and Scudder (1978) (Feldman et al. (1978)
also indicated that the local scattering mean free path (mfp) for 'halo"
electrons was long compared to the loeal density scale height. In the
customzry sense of the woxd, the halo particles were locally "collisiocnless'.
Nevertheless, there is some weak, omni-present, unavoidable Coulomb interaction
with the thermal plasma. The suprathermal electron population of fixed energy
is generally observed in all octants of velocity space with comparable
phase density Montgomery et al., 1968, Scudder, 1970, Ogiivie et al., 197l.
Local wave particle scatterxring has been invoked sinece the discovery of the
solar wind to explain the near isotropy of all plasma components in their
proper frame. Feldman et al. (1975), for example, have suggested this as
the reason for the "ubiquity" of suprathermal electrons.

The origin of the spectrally distinguishable halo subpopulation of
solar wind electrons was initially suggested by Ogilvie and Scudder (1978}
when they extrapolated the electron measurements made by the Mariner 10
Plasma Sciénce Experiment of the radial variations (0.45 < R < 0.9 Al)
of the core and halo (differential) "temperatures™

T= - fF (4]

B d &



to determine the radial positions where these best fit variatioms
predicted a common tempesrature. Depending on the assumptions this zone
of common (differential) temperature was between 2-15 %D' The suggestion
of that paper was that a fractionation process of the antecedents of halo
and core subpopulations had begun in this radial range. The subsequent,
approximate experimental inference of the origin of the "strahl" portiom
of the halo in very hiéh speed flows (Feldman et al., 1978) confirms the
approximate location of this fractiopation process. |

We shall demonstrate below, by explieit calculation, that the supra-
thermal electrons with E>» 7 ch observed near 1 AU are an attenuvated

vestige of collisional populations deep in the corona, (1.03 ~ 15 %3),

which hé%ﬁgéen redistributed via Coulomb multiple small angle pitch angle
scattering. The cumulative, spatially integrated effects of Coulomb pitch
angle scattering are sufficient to explain the observed proportion of supra-
thermal electrons both fore and aft along the local magnetic field. We
show that the halo population is shaped by the spatially integrated,
non-local (i.e., global) features of the heliospheric cavity--such as its
size, its large scale magnetic topology and the spatial variation of its
contents——especially near the extremities of the solar wind expansion.
In this latter semnse in situ electron observations allow remote observations
of important regimes of the solar wind expansion which are presently not
accessible,
Terminology

It is appropriate to comment on our use of the word "supratherﬁal"
and other new terms we wish to use in the remainder. From the latin

supra, meaning above, the clear intent of "suprathermal' is to delineate

those particles with energy larger tham E = kBT (where kB is Boltzmann
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cpnstanﬁ which is the kinetic energy of a particle moving with the most
probable sﬁeed. For electrons, ﬁe.operationally assign the "core"
temperatu;e_tc delineate the mpst probable speed. For particles with
E> kBTcore iﬁ is cnnsdnént witﬁ the.literatnre to discuss this entire
range as the suprathermél doméin. In the companlon paner IT, we shall
.shuw that electrons Wlth klnetlc energy ES 7 kT are a special subset
of the suprathermals insofar as Coulomb collisions are concerned. These
partitles have energies sufficiently beyond that of the thermal electrons
as to have a minimél local interaction with them. Moreover, as shown
.bEIOW'thESE extrathermals have also come from substantially beyond the
{ sition of the observer. For cIa:ity we have labeled this group as the
"extrathermals" noting that extra means "beyond" in Latin. The particles
of intermediate energies (1 <:E/kBchz 7} are most suitably labeled as
,“transthermals" (trans = across) for two reasons: (1) they bridge the
energy interval between sub~thermal and extrathermal populations and
(2) these electrons are populated from collisional antecedents with
non-negligible contribution distributed across a substantial portion of
the heliosphere. We shall use the terms subthermal, thermal, trans-
thermal; and extrathérmal to delineate specific energy regimes in the
above sense; when we do not wish to distiﬁguish between trans-and extra-
thermal we will use the word suprathermal. -As discussed below we do not
regard the term ' suprathermal" as synunymous with that suggested by Parker
and Tidman  (1958) for particle populations génerated by local Férmi
mechanism and/or betgtrdn action.

Organization

We outline the structure of this paper to orient the reader. The

theoretical transport problem'is posed in a formulation section, (1).
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We next discuss formal solutioms, (2), which give the flavor of the explicit
solutions Whose details can only be obtained after the mathematical con-
siderations, (3), and implemsntation section, {(4). The outcome of two
"realizations" of the formal sclution are given in a results section, (5),

followed by a discussion, prediction and conclusion seetion, {(6).



1. FDRMULATION

For the present we desire to estimate in the simplest possible
fashion the consequences of a physically complete picture of Coulomb
collisions as they would shape and determine in situ observations of
electrons in tﬁe solar wind without considering wave-particle scattering.
The advantages of the present formulition include simplicity and ease of
physical interpretatioﬁ. Estimates of the importance of Coulomb inter-
actions can be made simply by evaluating integrals, rather than solving
partial differential equations. In this approach the solution of the
scattering problem is available in closed form and has a conceptually
gimple interpretation with predictions which can be checked against the
variability and correlations of local ohservationsy i¥ also allows definite
predictions at other heliccentric distances.

The basic equation governing our discussion is the Boltzmamn equation

of o  E 2f _ &

J. +* V30 + = 2 =
ot ox m Y 5L Collsin )

where the symbols have the usual meaning; £ is the particle distribution
function at coordinates (r, ¥) in the phase space; ¥ are the forces ex-
perienced by the particle and §f/§t is the Poltzmann collision term which

is given explicitly by

| de
gﬂc = - n”cfz.ﬁﬂ- 5 Fry s
- dy.’fdﬂ'_a‘-’y“{-'n? el £o)]

where 'V, v, are the scattered velocities of these two particles.

ollision

The first term of éffﬁt] determines the loss rate of £ from

collision

(x, v} as a result of the scattering of particles with pre-collision

 ORIGINAL PAGE %5
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velocities V', j&'. The differential scattering cross section is given
by doy dn.

For purposes of the estimates in this paper we shall approximate
thg gollision term in the Boltzmann equation in the form proposed by
Gross and Krook (1956); this approach is also known as the relaxation
time approximation (c.f., e.g., Reif, 1965); the approximation is
mathematically exceptionally simple and physically not only instructive
but has been shown to be gquite satisfactory in other comparable physical
situations.

As clearly realized by Gross and Krook (1956), this approximation
is not vestricted to the small mean free path transport case which leads
_to the Chapman~Enskog type analysis. Therefore,our use of the relaxation
time approximation is not synonymous with the short mean free path limit
(vr/L << 1, where v is the particle's speed and L is a characteristic

scale length of the gradients).

Consider at some point r, the (unknown) electron phase density

£(r, ¥, t). Then in Krook's approximation, f obeys the equation

4 LF- £ (r.vy]
S

T, V) @
with the usual definition
d 2 B
Gio= kv [F2(es B gy, 2

and where E and B are the macroscopic "smooth" electric and magnetic
fields and g is the acceleration of gravity. (Remember we assume no

wave-particle interactions.) By comparing the structure of (2) with
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that of (1) we obtain the correspondences:

-1

Z’ = (ﬂJded-n. J\CVI)JVVI )

p. e S g’-g‘.' fevyFeg)ie-vy)
( fdy, Fsz = L) 1v-vt)

where it i=s t_:J_..ear_ that ik and T are functionals of the unknmown distribution
function. |

The Krook approximation to the collision operator &6£/08t not only
retains the formal structure of the Boltzmann operatorw, But allows, by

a judicious choice of'fk (r, v), 2 linearization of the full tramsport

equation—that-is very ifistructive. We shall now examine some properties

]
f/U t] to understand the role of £ (r, yv) in this approximatiom.
Krook L

In the special circumstance of a uniform system wﬁere electric
fields and gravity are unimportant and the distribution function is
perturbed isotropically in the proper frame velocity space and unifﬁrmly
in configuration space, then (2) redueces to

& _ o L _-5) 4)
dt gt T
The solution of equation (4) is

Lot ) jC(lW-,t} + [10 [Wl) jcnvlt )] [i eb(’" {ifc) )] (5)

where for this example T is assumed indepeundent of time t. From this
example it is clear that fk should be interpreted as a final state of
the relaxation prddess. The temporal relaxation given by (5) is caused

ORIGINAL PAGE 1
OF POOR QUALITY
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(a) by (£ “fk)[to # 0, (i.e., the departgres of the initial from the
final state) and (b) by the evidence for a finite relaxation time, T.

The preceding discussion was for an extremely special situation for
the Boltzmann evolution operator with a collision term approximated
a 12 Krook. By contrast we require the steady state solution of Equation
(2) {9£/9% = 0) for the more general situation when rhere are non-
negligible forces and spatial inhomogeneities in the expanding soclar
corona. This circumstance is far more common than the simplifying
example of (5). Nevertheless that example has heen instructive in
supplying insight into the meaning of £

k

the more general case we wish to pursue: namely if £ (r, v) = fk {r, v)

which may be carried over into

. then this is a stationéry“soiution of the Boltzmann equation with a Krook
approximated collisicn operator.

The distﬁibution fk(g,.x) reprgsants the time independent, spatially
inhomogeneous final state towards which the relaxation mechanism, with
SCéia.time Ts ﬁrives an initially perturbed distribution. Of course, fk
is not known a priori; however, using the in situ tendency for the thermal
electrons to be nearly Maxwellian (Montgomery, 1968, Feldman, 1975,

Ogilvie‘and Scudder, 1978) we make an empirical ansatz for the final

profile in zeroth-order approximation: ORIGINAL PAGE IS
OF PUOR QUALITY

2

@ Ay © ey | -m,:l\_ngcr:)l
¥ :J::(E’M] 1}7[:: aqr"'fa(.?-——%mr))al‘-’ e)q:( 2bgTe(r ) ()

which is a convected, Maxwellian distribution with spatially varying

density, n{r), bulk velocity EKr)'and temperature, ggr).
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We note explicitly that this estimate (suggested by data) is the

ipnitial step in a chain of iterations:

T “_p*) (72)
ci't'; T L-‘che\‘]
' ) )
[n-y
d;fn) _ _ (f L N )
dat - T ;kfﬂ-'i] . (7b)
whezte
(n-1) {r-1)
£ 4 ®)

where we have denoted functional dependence by the square brackets. In
this paper we shall consider the solution of (7a) and we shall discuss
the impact of subsequent iterations

The relaxation process visualized here is characterized by the
familiar rate of Coulomb collisjons V. between "test' electrons and
"targets", i.e. the positive ions and other ambient electrons. Recalling
that v, £ 1/t we have (c.f. e.g., Rossi and Olbert, 1970)

’QCP WTi bo ( w/w"'o¢>

i

U =

s

This is the rate at which phase demsity is scattered out of the observer's

phase density element, where in cgs units

n O Clzao® (THTI/n%)
1)ﬁ]’ - 0.38 Tt vee
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and where T is the harmonic temperature of T and T Bthe speed fw] =W

is the particle's speed in the proper f£rame. The root mean square {rms)

thermal speed of species a is given by

Bke o

vy (kB = Boltzmann's constant)

The statisical effects of the thermal spread of the ambient targets is
IS
contained in the functionw of (9) defined by:

ORIGINAL PAGE IS
OF]PUOR QUALITY

- STt ) 22)+ oo (2 8, JOE %)

(10}
2 v
+3 [erf (fF 3 ) (t- ) ep-2 5 VE )]

A more general form for~. is given in Rossi and Olber: (1970). In

A

that expression *- is a functional of the ambient electron and ion

distribution functions fe’ and fi‘ The expression given in (10) is

. ’ (o) (0)
evaluated consonant with 7(a) asy (fk,e . fk,i Y,

used local Maxwellians for both electrons and ions.

where we have
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2. INFORMATION FROM FORMAL SOLUTIONS

Although formal solutions are rarely directly amenable to calculation,
they often compactly display the conceptuwal character of the more com-
plicated explicit solutions. We proceed to give several instructive,
equivalent, formal solutions to the Boltzmann equation, with the Krook
approximated collision term, in order that the reader obtain the flavor
of the more complicated explicit computational form of the solutioms which
we discuss in the next two sections.

The formal solution of (2) at the observer's time t is

-f{t}:;&&.ﬂex‘péSC‘t‘:hﬁ)"’J{EXPC'SMJ{')){[{')/TH'] iy

where

, dt”
s(tt') = j(gﬁ‘j (12)
oy

and where the indicated path integrals § are performed following the
trajectory of a representative point of an electron in the six-dimensional
phase-space.

Noting that ${t, t) = 0, and that
-t

dS(+t) = oy

¥ t'<t (13)

and, with the definitions

S, = 3(‘5",'50) and 45 = S\{{;i“) (14)
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equations (11) may be recast in a number of illuminating ways:

s, |
ORENCY ex/;(-s:,) +f f’jf?[*ﬂs){(['%’(df)])d(ﬂﬁ) (15)

which, upon integration by parts, becomes

S df [t'ss)]
DC&): 7&(&5:03 +§ exP(-ﬁS){ "‘“—-“'""-s(ﬁs) d(AS) (16)

or, equivalently

ORIGINAL PAGE 1S
£ (4s=5)  OF POOR QUALITY

£@&) = flts0) + f exp (- sslhecasIy) dEf]  OD
{(’A‘Sr-a)

Equations 11, 15-17 are equivalent, highly compact, formal answexs to
the transport question posed at the hegimming of this section. Before
discussing the content of these solutions we need a physical interpretation
of the quantity AS.

The quantity AS is the collisional analogue of the optical depth
of radiative transfer. We will refer to this intrinsically non-negative
quantity as the collisional depth of the observer relative to the source.
It is a cumulative (&) counter of collisional cycles (1/71) experienced
by the representative point of a particle in the phase space element
during its motion [at t''] from the departure at t' to the preseant, at t.
The quantity exp(-AS) which occurs throughout these equations can be thought

of as a normalized survival probability upon tramnsiting the collisgional

depth AS.
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To appreciate some of the essential physics of the non-local terms
of (15-17), we must discuss electron kinematics and the use of collisional
depths and bouwndary conditions.

The electrons most probable speed throughout the solar cavity is many times
the typical solar wind speed. Hence, nearly all electrons are kinematically
able to transport information in both directions along a magnetic tube of
force. Because of this mobility, it is by no means obvious where the
electron has been in the solar system preceding its detection. Tor
electrons the in situ observation from a given collisional depth AS of
the velocity distribution function is a synthesis of particles and in-
formation coming from both fore and aft along the local magnetic field.

Collisional depths, like their optical counterparts, are
intrinsically non-negative. When cansidering contributions to the local
distribution from a given collisional depth A8, we are considering con-
tributions from particles which at time t' < t were either inside or
outside of the observer's radial position (c.f. Figure 1). A corollary
to these comments is that all electrons observed at r at the time
probably did not leave the sun at, or even nearly at, the same time, to’
in the past. Rather, the observed £(r, ¥, t) is the superposition
(i.e., an integral) of all the surviving probability densities, whose
representative electrons have accessible trajectories to the current
observer's point (r, v) in the full six dimensional phase gpace. Depending
on the collisional depth and its variation with energy and pitch angle,
and the temporal boundary conditions at the source layers, £(AS (t'}), the
observed distribution will be more or less reflective of the coronal or

collisional conditions aleong the local observer's magnetic tube of force.
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| Thus, qugtion (15) has the following physical content: the
velocity.probability distxibution f(g, v, t) observed at time t, is the
sum of two parts—-the first on the RHS of (15), the so called boundary
term, is the contribution to the currently observed f that has survived
extinction from the space time boundary of the system to the observer.
The second contribution is the folded sum (§) over all intermediate
collisional depths 0 < AS < §, of kat'(AS)], weighted by their
respecfive attenuations, exp (-AS), between source and observer.
(Remember that for a given AS there are two positions along the tube
of force from which § has contributions: one effective location outside,
one inside that of the observer, c.f. Equation (35).)
Equation (16), although entirely equivalent to (15), gives a

slightly different physical description to the observed distribution:
the first term on the RHS of (16} is the "local” term, since it is the
source distribution at collisional depth zero from the observer——hence
the name; the second term describes the corrections to the local sources
as properly attenuated signals of the variability of the non-local
distribution with differential changes in the collisional depths from the
observer. This formal solution (16) is the point of departure for our
discussion of IIT. Equation (17) follows from (16) by change of wvariables.

Note from (17} that if the system is everywhere homogeneous, then

£, s = SO) = £ (45 = 0) and (17) collapses to £ = fk(AS). This is the
special case of themmodynamic equilibrium. Conversely, if for example,
the electron temperatures at AS = S, 0 are not equal then the § term of
(17) is not equal to zero (since the integrand is positive definite). The
corrections to the local population (kaAS = 0)) that are observed are the

signatures of spatial inhomogeneities of fk In the system.
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From these formal solutions we see that the local observations
represent a superpc.;sition of phase densities &ispléced from the observer
(AS#0) folded with the probability that these phase space elements can
“survive" betwéen their coliisional origin and the observer. This is a
mathematical étatement of the dynamical accessibility of the electrons to
the observer. In oxder to furj:her evaluate these solutions some

mathematical arguments are required.
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3. MATHEMATTCAL INTERLUDE-—CAUSALTTY

The diécussion_which fpi}oﬁs.pertains to the dixéctiqns of

information flowitq.a given ﬁdint in (z, éj.space.

. In oxder to "reassemble" the Lagrangian style:solgtions.évailahle
from (15) for the evolution of different phase space elements into an
Eulerian description for the velocity distribution at a given pasition
r, as t,* », we must categorize classes of trajectories in steady state which
are accessible to the position of the observer.

In this connectiﬁn it is important to note that electrons of energies
less than ~ 10 keV have gyroradii which are extremely small by astrophysical
scales at any heliospheric distance. It is thus difficult for solar wind
electrons to drift perpendicular to the magnetic lines and therefore,
excepting the effects of collisions, the electron guiding centers reside
on the line of forece on which they were initially injected. Although
collisions can enbance crossfield diffusion, this effect is negligible

at r, = 1 AU since Dl/D“cv 10_16 where ?D_L u are the collisionally induced

>

diffusion coefficients transverse and longitudinal to the local magnetic

field. This ratio scales as ORIGINAL PAGE IS
- OF PUUR QUALITY

D, /D, -]R _ [ T @-)3[7. Vi) BIE -
'D.L/Dn. lR T[eb) N (E) BC Ea) .

This ratio is approximately 10-24 in the corona and is small throughout
the heliospﬁere.. Thus, the history and future of the guiding center
motion of electrons in the solar wind is intriqsically one-dimensional and
determined by the topolégy of one given line of force. Nevertheless, the

guiding center motion dues not behave like collisionless theory would
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 iﬁdica;§; r;tﬁe;;_theta afe-¢o}iisiqna1 mndificafions within this one-=
‘:d;ﬁéﬁgiqngi”méiiéﬁ.;fﬁééafdingly;'ﬁe'a60p£ an archimedian magnetic toﬁclogy,
.‘Figg;e 1, @ftﬁ?"?SFkér andrqsé the Afc léﬁgth, L%, gldng the givén Lines
Qﬁ'fdrﬁe'intéfcﬁangeéﬁiy with the co:réspohding radial distance, r¥*, of
-£h3-9b5¢rVEf from the sunfé center. As far as the mbtion Qf electrons is
'COﬁCgruéd, the history end future of the electron'trajectnfy is along the
_giveq tube of force that passes through the observer's position at (r¥*, t¥*).
The discussion which follows assumes the fluid filow to be time independent
in the corotating frame. In paper II we will discuss to what extent the
violation of these assumptions will change our rééults.

We introduce some diagramatic methdds for 1isting the types of
- particle trajectories that can gain access along a single tube of force
to the observer's phase-space volume element, drdv about (r¥, v¥). 1In
Figure 2 we illustrate representative trajectories of four types of con-
tributions to the locally observed distribution function, £. There are
two classes of contributions to the forward pitch angle portionm, f+, of
f: (1) those contributions with ultimate "source” in a collisional
distribution outside (%>) of the position of the observer, (L%), for times
(t>)-prior-t0”the time (t%*) of detection; and (2) those contributions from
inside (£<9 the position of the observer at times t, prior to the detection
time t*%. (Refer to Figure 1 for the location of L and %>.) These same
two categories apply to the aveilable contributions to the aft, £, pitch
angle distribution.

The f£irst group of accessible trajectories in Figure 2 are those
which leave the source point (1) with space-time coordinates (2 _, tL?

and arrive at the observer's point labeled (0) with coordinates (R¥*, &%)
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ﬁithoﬁt hgﬁing Beeﬁﬁpitqh.angle béakscatteredf We introduce a specizl
: éymbbi.f§r this.typg:of collisional depth between source and observer,
6516;  Note, however, tﬁat iﬁ éenéral 88 # AS. If we desire to consider
antributiQ@slixqmvgll cdllisional depths, even from this restricted .
- t&peVDf'contfibution fxoﬁ»this ﬁné'éouice layer, (t¥* —tL} must be allowed
to range from 0 to = in oxder to properly compute these contributions.

By definition tﬁen the probability; P, of transiting 6510 is given by Plﬂ
Exp'(wéslo) = p° exp (—6510), which defines P(o) = 1.

| ~Anoﬁher example of this group are those trajectories on which are
- like 2.*'11*:0'iﬁ Figure 2, characterized by having one stochastically

- induced turning point between source layer and observer. Collisional

depths are additive (ec.£., {12)) and therefore

<

4S,, + 05,

mn

AS,, = A4S, 4 45,

Theréfnre, -Pz__ac = exP(-— &Szt) F_’KP (- 35}0) = ?vmex])(‘ CFS;:, )

Clearly, ASZO may also range from 0 - @, either because AS,,, and/or
ASlO do. Similar consi&arationé;'yiéldvz

4%, = 0S5, +43, +65,

VWith any andfor all the quantities having infinite range. Higher order
quantities of these types can readily be seen to be more turning points
between the time and particle left the source and reached the observer.

We shall assume for paper (I) that elastic pitch engle scattering

is more efficient than inelastic scattering in backscattering electrons

(19}

(20)



22

everyyhere in the heliosphere. In the present context elastic scattering
implies that the test electron undergoes a pitch angle change with no
loss of proper frame kinetic energy; inelastic scattering implies a loss
of proper frame kinetic energy while the pitch angle is changing.

The dominént.fréction bf:mdméntum transfer collisions for teést
electrons is off of-aﬁbient jons. This is e&m essenfially elastic process.
Test electrons scatter off of other hackgzound electron distributions both
elastically and inelastically.

This elastic scattering approximation is most accurate for extra-
thermal electrons and will be relaxed in Paper IV. The principle impact
of this approximation is to limit the precision of the predictions of
the sunward propagating extrathermal phase density in the trans and
.ektrathermal régima. The pfedictions of the current formulation for
the outward propagating extrathermal population are essentially independent
of this assumption.

As will be shown below, if only elastic scattering is considered
then as shown schematically in Figure 3a

o thyﬂffw“ﬁz)
woee  FHEmwi)

independent of energy in the extreme extrathermal regime.

A
b

The super-
seripts on f denote cuts of distribution function along (+) and, opposed
(-) to the outward ray along the tubes of force. In support

of our theoretical arguments that elastic eollisions should be more
important than inelastic in determining £ (% mwz), we discuss an ex-

perimental determination of f+/f_ as a function of energy in Pigure 4.

Here we have plotted the ratio,

F (W)
f+(MJ

R=
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versus parallel proper frame speed, ]W”j for a published example of
IMP-8 data (open circles). We have indicated the theoretical asymptote
of %-which follows from ignoring inelastic collision. The experimental
data for this published example does asymptote in the vicinity of the
theoretical value of %. (The solid circles show the trends of a
Y“realization" discussed in section (5).)

If inelastic Coulomb scattering assists extrathermal backscattering

via the spead dependence of the cross section, then

F{2mw,?) S £ (rmw,? )

(ZWT.E I}'J wb <WU‘L)
£ Emw,*) Fld muwgt)

URIGINAL PAGE IS
OF POOR QUALITY

This implies that the differential slope of the extrathermal population
going towards the sun will have cooler differential temperatures than
those going away, (Figure 3(b), (c)),if Coulombd collisional losses are
a substantial factor in the extrathermal backscattering history. In
the extreme limit of completely inelastic backscattering the extra-
thermal temperature of f may even be cooler than that of the local
thermal population (Figure 3(c)).

The exclusive elastic case of Figure 3(a) is the most conducive
to fitting the halo subpopulation with a drifting bi-Maxwellian, where by

construction '

de . - <F dhermal reqienc)
- ey = - Fegime
d uf d fuf @ciratfiermal 73
as is implicit in the modeling done by Feldman et al. (1975) for a wide
variety of data. Nevertheless the average nomalized x? for these
parameterizations is rather high indicating a probable admixture of

some inelastic backscattering (Figure 3(b}). 1In this latter circumstance
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the least squares model of a drifting bi-Maxwellian is no longex
sufficiently flexible to accommodate this spectral shape. If a
bi-Maxwellian is forced to fit data as schematized in Figure 3(b) it
will result in a larger mormalized XZ than data as schematized in Figure
Figure 3(a).

Wirh the above provisos we shall proceed on the assumption of
exclusively elastic Coulomb backscattering (Figure 3(a)). By simple
geometrical considerations and the assumed stationarity of the

Hamiltonian, we obtain

AS, e T 295k (21)

and where 5Sm* is the collisional depth between the m'th reference
point and the next turning peoint on the trajectory as time increases.

1

Therefore, the integrated probability P that a particle leaves
(R-m, tm) and returns to (R.n =2 tn)’ along the tube of force of

infinite length, after only ome turning point, is

o0
DO) —f B 't S:S Brob h'l‘ of I?.E“HCC"N.)Y\]_ Proba ki b o'Y‘Sur\hUo-l J(E‘
! = abablity o arvival . | Froba ll"g ‘l'] )
) [-ra&o‘j—-?— AS= 6'5;*] [ at &5= dS1x 85,y 2 05147 05 "

oo (22)

—/ expl~ 83, ) 1= e 5‘»9#))"5"/"’ RWEIE

v

using (21} we obtain

e [ui) gl B)-episi) < E o
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(2)

Similarly the integrated probability P that a particie leaves

and returns to the same level after two turning points is

| 2 ORIGINAL PAGE IS
PP PYp® = (L) OFPOOR QUALITY  (26)

since the cumulative survival is a joint probability. By induction, the
probability of surviving n turning point trajectories between a source

position &' and the same source position at a later time is

(n) "
g (;) (25)
Thus the contributions to exp (-AS) fk (AS) on the BHS of (15) from

r * 4 134 T - - - -
an "emission’ layer at l<, for all times t prior to t% which is at

collisional depth 85 to the observer is

i
exj;(_t,\s){ms) = :E(&S[ﬁc‘])-é‘x})(— 5S) 5?0 P )} v ale,, gx) (26)

&L (55T L) exp(-85) + Q(4, *)

where Q(%;, %) are the contributions from collisional distributions at
2; larger than 2*%. In deriving (26) we have made use of the fact that the
forces considered were conservative, that fk ig isotropic, and does not
depend explicitly on time.

In Figure 2a we alsoc show some of the leading contributions (4 -+ Q):
(54 -+0) to the additiopal term (Q) in (26) which are those contri-
butions to the observed f from the same optical depth AS but source
regions beyond that of the observer. In order for these source regions

to have access to the same phase space element dr¥dv* about (r*, v¥*) as



26

the contributions explicitly given in (26), at least one tumning point
en route from a collisional distribution to the observer is required.
Thus, the probability sum for this additional term is exactly that already

(o) = 1}:; there-

used minus the first, or direct ascent (descent), term (P
fore, the complete expression for (26) far all contributions from
collisional depth AS, for particles with a specific positive do/dt = v“,

and energy E at (L%, t¥*) is

.i-
expt-a9)5, (09| = exp GJS)'%%“J”JQW)*éﬂf""v“‘m} (27

For particles at 3% moving toward the sun (i.e., negative cosines
of their piteh angle) (Figure 2(b)) direct access to the phase space
element (r*, v#*) is not possible from inside; rather, only from outside;

reversing the weighting of (27) we obtain

expc-m)ﬁ(a‘\i)g_z ekp(-35) ;; f (e Las]) + £, (4, [JS])}

(28)

When (27) and (28) are normalized by the conditiom

t
,&”'4 ex_P(.. &S)‘ﬁk[ﬁsu l = 7‘{ {/ﬂS'-:O) (29)
A5-»0

the equations (27) and (28) become

ex}ﬂ—ﬁ%)a&(ﬂs)’z exp(-d‘S)%% nok (h[@f])’f %Lmt,,_ (4, [“])g (30
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and
; 7
¢
expl- 61, (48)] = exp(-d3) f 4 (6.085]) + 54 (6005]) JOE
Equation (15) then becomes explicitl; ORIGINAL PAGE IS
/ [ \ /e J / \OF FOOR QUALITY
t{ot(r))) ‘ 3 /1 ,
feeser)) i)+ Ay epeS,)
& £l r))) )
V7 7/ /
L’\ NeFLE))
. j expl-9stet ]} [H@o)] o' o' g, (32)
?/ r (&) Tre f"'J] dﬂ de
/'%1\; [V‘(’g*{t))
t g ;’ expl-dsceer]) b [t'e )] dt'dl g,
EFRALY Tleceiry] 44 dr

From the Parker topology of the interplanetary field definmed by

bulk speed U, solar rotation rate {, at location r' and ecliptic colatitude

. B', we have
]

4~ Y ronéy+ u? |
dr - m (33

We note that r{i%) =< ru(to) and that

di’ -l'_ de' E*_Q:1
(CTQ') ! - de in the first integral of (32),
and that
da! = - (T%.' in the second integral of (32),
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and that

jm.f’: IVpte)] o

By conservation of energy and magnetic moment

B [ de 0 (3%)
L vy r) = L vy te)+ dmgte) [ 1= g ) = L edlr) e pir))

where ¢(r) is the interplanetary electrostatic potential and meV” and

m V; are the particle’'s components of momentum along and transverse to B.
e

The gravitational terms in the comservation of energy have been neglected.

Thus (32) may be computed as integrals over ordinary space to be:
)

nk) \ '/ ? } '/é |
} V7 )

7

r{e*t)) |

EX/)(— ff} _{k[-{ f{’:)] f_("'/lsmg) —‘;i,‘z al}. '

’C['zf"'{r‘)] U }7, [f ‘[}")] (35)

1Y

M e

F )

¥, fto)

> rcos) 4 060) (T

Theen] W V)]

N
'le:" 4 Joer

PR

The most prominent advantage of (35) is that all explicit references to
turning point orbits are absorbed into the coefficients of 1/7 and 6/7.
The remaining quadratures are for unscattered orbits between collisional
depth &5 and the observer. It is this circumstance which allows the
use of collisionless guiding center relationships, (34), to determine

the spatial matchups of a particles with collisional depth 65 between

(<, ¥*) and r," v").
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The limits of integratiom in (32), (35) are determined in the
following way. The phase space map for am unscattered particle between

"sources" T, Tg and observer is given by (1) the pitch angle map:
ORIGINAL PAGE IN
OF POOR QUALITY

Cas/@(f})) = F 1= fPBIG) myas)

1 (35a)

and (2) energy conservation

Z—IWCVZ/F:)F Z_ef,?5f§} = Amvirtls Zeglrs)

where

£ M2 (1)

#= Blr,)

*

and r_ refer to source regions outside (r>) or inside (r<9, that of the
>

cbserver.
Since cos@ must he real, the pitch angle map places spatial boundsg

on the integrals considered:
05 mVHTy) 5/5(*

&rh)
thus implicitly defining T T,

myZer,. )

Vi) _ ok
Blh.) ¥

If IB(r)l and ¢ are monotonic functions there are only two roots. Energy

conservation also places a constraint on the radial domain of integration:

02 {mvi(t): dmitrs) + Zeplri) 2 edlr)
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"In practice this last constraint only impacts T, because tha particle
is giving up kinetic energy as r increases.
For the special case of W¥ = 0, the radial limits of integration

are determined implicitly by

dmvan) = Lmvirt) + 2edlirt) - 2egin,)

(35b)
and rL.is"the sma.ilest radius for which fk(rL) has sufficient population
at kinetic energy
L.z _ 2o 4) }
Il )= dmrt) + 2 e40r) - 2 41 (350

to be detected in comparison with the loecal distribution. For all the

"realizations" which we discuss p* = 0 and T = 1.03 R -
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4.  TMPLEMENTATION

Tn order to carry out the integrals indicated in (35) we need to
specify the profiles of the electron and proton temperatures, their

density, as well as the gravitational, electric and magnetic fields. The
9

first three reguirements define the Krook approximation to the collision
operator throﬁgh {7a) by determining fkco)(g) and T[fkco)(r)]; the last
three profiles definé the force field,';, gf the Boltzmann evolution
operator (1)}.

In Figure 5 we show a density profile, developed by Sittler and

Olbert (1978), Sittler (1978) from composite experimental sources, which

(o)
k

we will adopt to he the density for £ . In Figure 6 we show the

electron

thermal ° Near the sun

empirical estimates of the radizi voriatioms vf T
we have used the measurements and arguments of Bame et al. (1974), who

~2/7

suggest that T & T near the base of the corona. We have used the

results of Ogilvie and Scudder (1977) using data between 0.45 and 0.85 AU
that Te’ thermal, varies like r—o'3 and the results of Gringauz and Verigin
(1975) for 1 < r < 1.5 AU and an asymptotic adiabatic behavicr at large
distances (> 10 AU). We have constrained the electron profile to agree
with 1.5 x IOSOK at 1 AU and to be 1,0 x 106°K near 1 %3’ consistent with
coronal hole upper limits.

To evaluate the Coulomb logarithm and assess overall enesrgetics, a
proton thermal profile is also requived. We assume Te(i‘) = Tp (t) for all
radii inside that radial distance r = R beyond which adiabatic cooling

determines the average < Tp(l A >~ T x 104

°%. R is usually 60-90 Rys
consistent, for example, with the two fluid results of Acuna (1976).

We have used the generalized Ohm's Law (c.f. e.g., Rossi and Olbert,
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1970, p. 35Q, eqitn. (12.26)) to self-consistently estimate the time

average parvallel electric field in the proper frame of the plasma, E

%
i

(E"*)T_: (E_-<B>)T = ( Zr: <B‘>)T + (Ef;)-r (36)

where the additional effective electric field E”' is given by

(), = nez(fm (J%B) + 3 % Ty d)
“1(E-5)- L 1),

Collisions
where 7] is the fractional net charge density and the angular brackets

denote a spatial average and the parenthesis ( )T denote a temporal
average over a multiple of fluctuating cycles.

The last term in (36) is non-zero when there are curreunts in the
proper frame, waves propagating in the system or deviations from charge
neutrality. In most circumstances the Hall effect term (the first one in
(E“')) is the most important. It can be shown that Alfvénic fluctuatioms,
T

for example, give a non—zero contribution to (E“') Generically, (E“')T

represents the consequences of uncompensated forces in the proper frame

of the plasma which have a non-vanishing time averaged component along
< B>

Given the current state of our understanding of waves and their time
averaged current systems j¥* in the solar cavity, it is difficult to
estimate E“'(r) with precision. Nevertheless, the order of magnitude of
the potential emerpy barrier which this additional electric field produces is of
the order of the wave work necessary to have an energetically self-consistent

solar wind expansion:



33

Work| = meim) g + 6 Mplmem) [R,

e0
(B TR, &
18R he) B

To be effective in accelerating the solar wind to the observed speeds

this wave work is expected to be done in the transomic region of the
inner corona. We introduce a scale, Lwave’ over which this wark is
principally done and phenomenologically have incoxporated the potential

barrier due to E“' (r) as

ORIGINAL PAGE IS
OF POOR QUALITY

2
s
Zﬂe(#ﬂﬁ)‘é’m:)) = /8 E%C/_S = A Faunh _ﬁ;__{f%’fa (38)
ro3 &, -

where A ~ Work/Wave from energy conservation considerations. This portion
of the total electrostatic barrier for electrons achieves 76% of its

asymptotic value at 6% = BLwava + 1.03 Ry Our assumption of the form

of the additional electrostatic barrier (38) corresponds to an effective

electric field which is strongest near the base of the corona and goes to
2

-7 .
zero as & , Z = (r -1.03 %D)/Lwave'

We have therefore used an electrostatic parallel electric field of

the form.
+ -~V R 4 2/ - LO3R
gf = TIE . = s’ TR
e Ne e by ave (39)

for a positive magnetic sector.
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When solutions are reported below, LW » will be a parameter, but

ave
usually of the order of 5 %3{ With these considerations, the interplanetary
potential is enérgetica11§ self-consistent with the asymptotic wind speed
used to define the topology of the magnetic lines of force.

In Figure 7 we show the interplanetary potentiél which results from
integréting.E“* along a typical field line with Parker topoldgy when the
above emplrlcal profiles of o {r), T (r) and E" (r) are ‘used. The
agymptotic f£flow speed was assumed for this exampie to be 400 km/sec and
Lwave was 5 %D' Shown for comparison is an interplanetary potential
profile reported by Lemaire and Scherer (1971 using an exospheric solar
wind model.

This electrical potential represents a significant barrier for the
escape of electrons from the proximity of the lower corona; at the same
time it is an acceleration for the positive ions. An electric field of
this type is implicit in fluid solar wind models which externally impocse
the loecal condition that.the bulk speeds and densities of the electrons
and jons be equal. (c.f., e.g., Hartle and Sturrock, 1968). This type
electric field is also implicit in the Spitzer-Harm (1953) collisiomn
dominated coefficient of thermal conduction (through the assumption j¥* = 0}
which is often used in solar wind models. The-electric fields usged in

these references are predicated on local thermodynamic equilibrium (LTE)

which is not justified in the solar wind.
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5. ERESULTS

The results of two realizations of the formal solution (15) will
now be discussed in some detail. The two realizations differ by the
asymptotic f£low speed attained by the solar wind, but refer to the same
spatial location of 1.1 AU.

General Fzatures of Solutions

The dots in Figure 8 show a cut of the electron distribution
function along the local magnetic field Iine at time, t, and position
r = 1.1 AU, as a result of the numerical integration of {15) - (35) con~
sidering only Coulomb collisions. The asymptotic wind speed was 400 km/sec
and Lwave was taken to be 5 %D' The solid curve is the local assumed form
of, fk(o) (as = 0, V"), which is given for reference. Comparing the
computed distribution (dots) with the solid eurve and referring to (16)
or (17) we see that the differences between the two curves are due to the
integrated contributions originating away from the observer.

In Figure 9 are shown fore and aft cuts along the local magnetic
field of £ near 1 AU reported by Feldman et al. (1975). The data of
their Figure 14 have been transformed into the proper frame using the
bulk velocity given in Figure 3 of that paper which was 520 km/sec.
Although we have not tried to fit the observed profiles by adjusting
various parameters, we find there is a remarkable similarity between the theoreti-
cal profile Figure 8 and the data Figure 9. We draw particular attention to the
correspondences in (1} size, (2) shapes, and (3) skewness between the
thec?etical and experimental profiles. O0f course, this is not a complete
comparison which would require a theoretical determination of the entire

pitch angle distribution.
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It is imstructive to characterize the location where the thermal
and extrathermal populations at 1 AU were last members of the thermal

collisional population. 1In order to do this we recast the integrals

of (35) as

/)

HE e

= 15 (&' R, £'<A)

(40)
i t, = { *
* .
+(fo ZIAJD[‘QJ:RJE>’Q)
7/
where Af(ﬁg_, R) is the integral over the integrands of (35) but with
limits of ﬁfi + ARi such that
-_— _ _ ‘
R +4R; = K LR (41)

ORIGINAYL PAGE IS
OF POOR QUALITY

In Figure 10 we have indicated the spatial location of the
collisional distributions which dominate the pgpulations ©Ff two energy
extremes of the theoretical profile given in Figure 8. The value of
the theoretical profile at the given energy in Figure 8 is the
corresponding area under the indicated curves in Figure 10.

Figure 10 clearly restates the local character of the thermal
population. The dominant contributions for particles of 5 eV kinetic
energy near earth come from within 20.5 AU (approximately the thermal

mean free path) of the observer. The forward pitch angle population
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at 5 eV (8 = Q) come predomirantly from collisional populations sunward
of the ohserver; for 0 = 1800, dat 5 eV the converse is true gs shown in
the shaded contribution.

In the extrathermal regime (as an extreme example kinetic energy

500 eV) we see that both forward (8 = Q0 and aft (B = 180%) populations

were last members of a collisional distribution deep in the base of the
corona (< 3 RO) and certainly near the site of the initial expansion of
the solar wind. This is the same area where theoretical extrapolation of
Mariner 1Q radial variations of Te(r) and TH(r) predicted a single
Maxwellian distribution. The particles observed at 500 eV progagating
towards the sun at 1 AU (8 = 180°) are the hackscattered fraction of ﬁhe
outward propagating 500 eV particles which passed the observer, radial

distance 0f the observer at some earlier time prior to theilr detection.

The contributions to Af+ and Af (500 eV) are essentially in the ratio of
6:1.
The particles with kinetic energies intermediate between these two
extremes have collisional antecedents which vary continuously between
the two extremes depicted in Figure 10. Fof some in%ermediate locally
transthermal energies, there are two domains of equal importance
(i.e., Af (R", R) is two humped). For locally subthermal energies
(E< ch} the smaller contribution is at the sum. As the local energy
becomes increasingly extrathermal, the dominant collisional antecedent of
the obhserved fei recedes to lower and lower levels in the coxona.
The reason for these distributed contributions to the locally
ohserved fE is intimately related to the spatial variation of the
interplanetary potential and the Coulomb collisional depth of the

observer from the sun.
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An observed electron of kinetic energy mv (R) is energetlcally

_ aeeess;b;e:frnmea level R' provided the klnet;crenergy at R' is

JM:_V“V'?I)? .'z.diz(’E'} "‘Z,,ﬁ/‘;“("?)“?ﬁff’ﬂ) o 42)

These acce581ble orblts make an observable contribution -to the electron
'dlstrlbutlon functlcn at R prov1ded that a suff1c1ent fraction can survive
' colilslqnal extlnctlon en route from Rf =+ R, as compared with the local

collisional Maxwellian:

fk (R % wu‘tre‘))exp(-as (R' R, ézmev*uz))) 5"{ (R, 4 mvz(R) ) 43)
From Figure 7 we see that Z.(e@d(R) -ep(R)) is positive (megative)
for R' < R (R' > R). Thus the electrons detected near earth have given
up nearly 1 keV of kinetic energy en route from the corona to the observer.
Electrons with energy of 500 eV at 1 AU had a kinetic energy of ~ 1.5 keV
in the coronal Maxwellian population of characteristic energy of ~ 100 eV,
15 standaxrd deviations off of the maximum phase density at R' ~ 1-2 %3.
Because the relative demsity of the lower corona becomes large so rapidly
~and because 83 (R', R, 500 eV) is so small Af(R', R) can give a meaeurable
phase density signal to the observer near 1 AU.
On the othef hand because the Coulomb collisional extinction,
05, depends so strongly on the kinetic energy of the particle (e.f.,
(10a, 12)) it is very difficult to get non-local comtributions to {
obServed for subthermal energles (E < kT, (R)) Although condition

(42) is readlly met at a reasonable range of non~local R's, the survival

ORIGINAL, PAGE 18
OF POOR QUALITY
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probabilities are so small (68 (R , R) for kimetic E<k/T are so large)
that only those collisional distributions within the vicinity cam survive
tﬁ the observer. [Mathematically, 88 (", R) + 0 for any E provided
‘R‘V(ﬁi) = R(t) is small enough: c.f., equation (:2).1

.:'Wé.thus see that the popﬁlation of the forward extrathermals should
in steady state he é very sensitive indicator of the iInterplanetary
poténtiai Earfier bétweEn the base of the corona and the observer. The
best local indicator of a large potemtial barrier to the corona for
electrons is a‘higher solar wind speed, other things being equal such as

the V.Pe contribution to the potential drap.
n(r)

The above conclusion implies an anti-correlation between local plasma
bulk speed (if its nearly the asymptotiec bulk speed) and the local
fractional extrathermal (nhaloln) phase density. From our discussion of
Figure 10 we should not interpret this as a local cause and effect
reiationship, rather-—the cause of both local effects is im the strong
acceleration region removed by 1 AU from the observer. This global sense
of causality in the inner heliosphere must prompt reexamination of the

use of transport coefficients and equations of state which by definition

relate local foreces to local responses. We return to these matters in
detail in paper TIL.
In Figure 11 we show in the same format as in Figure § a solution

for U, = 800 km/sec with L sye SEIll =5 R,» and all other parameters

ve
which are independently specifiable the same. As explained previously,
the net wave work is adjusted to give consistency to the expansion energetics

and magnetic topology. As can be readily seen the suprathermal population
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is depleted in a relative sense as we qualitatively expected, Further-
more, the estimate of the "differential temperature" for the suprathermals
is also reduced when the asymptotic flow speed is increased., The heat
flux lqe[ depends on the number of carriers available and it is known that
the most important contribution to [qei at 1 AU occur between 25 eV and
130 eV (Scudder, 1970 and Montgomery, 1970) centered on the break region.
If we thus deplete this population and lower its most probable speed
(dﬂﬁff) the heat flux it carries must also be reduced. We thus expect
on the basis of this model that the interplametary heat flux density

in quasi-steady state flows should be anti-correlated with the local

bulk speed. As before this is a global cause with two local signatures:

[U[ and lqe]. There is thus no intrimsic local thermodynamic inter-
relationship between jqel and lU[; rather, there is a glohal integro-
differential interrelationships hetween the whole expansion history of the flow
tube and all pressure and density gradients (which determine E”) along it,
Figure 12, shows the dominant spatial contributions to the
5 and 500 eV points of Figure ll. Note the changed scale of the left
ordinate relative to Figq;e(lﬂ)- In this higher speed(t[m = 800 km/sec)
example, the deep corona is essentially inaccessible to the normal halo
population. The sparser contributions come from 8-20 %j,with somewhat cooler
collisional populations which are sufficiently populated at the correct
shifted energies to have energetic access and phase density excess
sufficient to overcome extimction. The comtributilons to the local population
of f remain essentially immune to the change in the global dynamics,
which in this example merely changes the floating potential of the

vicinity of the observer by a constant amount.
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Thermal Domain Effects of Scattering

Returning to Figures 8 and 11 and concentrating on the lower energy
portion of the distribution we see on first impression that the results

of the scattering have not changed the local distributiom. However,

the slight departnres of the dots from solid AS = 0 profiles in Figures 8 and 11
are significant and reflect the fact that s¢ long as the mean

free path of the medium is finite there will be corrections to the

asymmetries of the resulting £(v). These low energy modifications are

‘most nearly in response to local thermodynamic forces as will be discussed

in detail inm III.

Sclar Rotation Effects

The asymptotically wrapped archimedian spiral of the magnetic tuhes
of force in the plane of the ecliptic plays an important role in de-
termining the nature of f in the extrathermal energy regime reported in
the previous solutions. The arc length L along B scales (c.f., Equatian (34})
as r2 for large r in the ecliptic, but only linearly with r over the
magnetic poles of the sun. Thus the cumulative number of Coulomb "ecollisions”
is relatively enhanced in the ecliptic versus the polar regions by this
geometrical hindrance of the guiding centers following the tubes of force.
This situvation may have an important impact on the nature of the magnitude
of Coulomb back scattered extrathermals seen over the pole of the sun.
Whether this implies a large skewness and resulting large heat flux on polar
tubes of force depends on the electrostatic shielding of the interplanetary
medium from the corona. The magnitude of this shielding is determined by
the detailed polér coronal profiles of density, electron pressure and

waves. If the.polgrization potentials are very strong so as to support large
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asymptotic flows over the poles, there may not be a substantial extra-
thermal population "leaking" into interplanetary space. In this situation
it may not be important for the value of the heat flux that cumulative
Coulomb backscattering of extrathermals is weaker than in the ecliptic.
Completion of the Iterative Scheme of Equation (7)

(1)

The solutions, £ , presented in this section represent the first

step of the chain of iterations outlined in Equation (7). These first
iterates already very closely resemble typical data. From those equations

and Equation (353) we see, however, that to perform the next iteration to

(2)

we must first determine fcl)ﬁg, v) at all positions along the

(2)

obtain £
tube of force since £ is an integral over all screened phase densities
that have access to the obsexver. In addition, the collision time 7 is

QD)

also a functional of fcl)Qg, v). Since £ {r, v) is only available
numerically the velocity dependence of T would also have to be determined
numerically. This is not attractive (c.f., Rossi and Olbert, 1970,
Equation 11.40-11.45). Subsequent stages of the iteration process will
become more and more intractable.

(1}

The solutions for f are not the fully self-consistent solution to
the Coulomb scattering problem in the solar wind. These solutions indicate
what type of modification the finite Coulomb mean free paths have om
shaping the local distribution function and what forces and scales are

important in the problem. We shall formulate and solve the more difficult

fully self-consistent problem in paper IV of this series.
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6. conNcLUsIOoNs ORIGINAL PAGE IS
OF POOR QUALITY

We have shown that Coulomb collisions are substantial mediators
of the interplanetary electron velocity digtribution function. This
is true both for the thermal distribution and the suprathermal
populations. TFor the suprathermals, the cumulative effects of Coulomb
interactions take place on the scale of the heliosphere itself, whereas
the thermal population's Coulomb interactions are numerous on the local
scale (% - % AU) near the point of observation (1 AU). The suprathermal
electron  phase density at 1 AU is populated by electrons which most
recently were members of collisional distributions very deep in the
corona in or mear the region (1-10 ga) of the strong acceleration of the
solar wind.

We have also shown that the properties of Coulomb collisions and
the forces implied in the solar wind expansion, without benefit of
wave-particle effects, can place a zone for a bifurcation of the electron
distribution function deep in the corona. The site of this fractionation
{1-10 %3) is congistent with the result of extrapolating the radial profiles

of Tc and T, determined from Mariner 10 data reported by Ogilvie and

H
Scudder (1978).

In the steady state the present considerations lead to a variety of
predictions which can be tested against the growing body of electron
data becoming available. Some of the more obvious relations implied
in the ﬁadel for an observer of a fixed radial position are the anti-
correlation of local bulk speed with fracticmal extrathermal density,
extrathermal differential temperature estimates, and heat flux density.

Tn addition the extrathermal differential temperature should he nearly

’
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independent of heliocentric distamnce within 1 AU due to their small
number of Coulombh momentum transfer "ogilisions™ and thus even fewer

energy exchange "collisions" between the corona and 1 AU,

We strongly emphasize the need to think of the trans and extra-
thermal electron kinetics in the solar wind on the global scale:
becanse 1) the causes of in situ changes in properties of these electrons
may not always be local ones; 2) non-local canses may affect different
loccl parameters (e.g., speed, suprathermal population) in different
ways, thereby inducing correlations in Jocal measurements and the con-
verse; 3) observed local correlations in electron parameters do not
imply local causal interrelationships: and lastly &) the conventiomal
transport question for solar wind electrons must he veposed to reflect
the global character of the trans and suprathermal electrons which
implement the various transport signatures.

By contrast, th: low-energy electrons should in this picture
reflect loecal caise and effect relationships. These electrons should
be shaped by the local thermodynamic forces. WNevertheless, the thermals and
suprathermals ave Coulomb collisionally interactinglocally. In steady state, the
thermal and suprathermal electroms chbserved at the same time were once members
at different times of the (same) collisional equilibrium at the base of
the same £ield line. Thus in varying degrees, the halo more, the core
less, the sub and suprathermals retain a memory 5f having interacted
with this same reservoir. We thus suggest that the nearly fixed ratio

between Te and Te at 1 AU, for example, is a remmant of this fact.

xtra

Thiz is another example of a non-local factor induecing local correlations

in observed parametexs.
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By considering the global effects of Coulomb collisioms, we have
shown that the distribution function for electrons similar to those
reported can be reproduced in overall shape, skewness, and partition of
phase density with energy. In particular we have no difficulty in
obtaining the backscattered portion of the extrathermal population
(the "halo"). The extrathermal population is a natural consequence of
the evolution of a very hot, dense coronal plasma on open field lines.

To summarize, we should like to re-emphasize the point made in
the introduction: the observed "overabundance" of higher-energy
(suprathermal) electrons as judged by the local Maxwellian distribution
of lower-energy (core) electrons are a direct con-

sequence of the non-uniformity of the expanding medium of which the

electrons are an intrinsic part. Expansicn implies cooling and decrease
in density as one moves along any open magnetic tube of foree. This
circumstance causes the Coulomb mean—free-path of sufficiently high-
energy electron to grow with distance to 'he point that it Lecomes
comparable or larger than the local scale length; this, in turn, renders
the problem to be global (non-local) in character. The growth of the
mean-free path does not, however, imply that the effects of Coulomb
collisions become negligible on a global scale. In fact, for the
topology of magnetic fields at hand, the Coulomb collisions are never
negligihle, whatever the energy of the observed electron may be.

The electrostatic magnetic and gravitation fields combined with the
action of Coulomb processes on global scale shape a
non-Maxwellian distributien that, at first glance, appears to be

composed of two distinct electron populations, thermal and suprathermal.
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Unlike the customary discussion of the origin of suprathemmals (Parker
and Tidman, 1%258). We do not invoke Fermi, or betatron equivalent
energization nor have we invoked shock acceleration, nor do we require
leakage from closed coronal field lines as suggested by Féldman‘gg_gl.
(1975) to populate the extrathermal regime.

In conclusion, we would like to stress that the above described
set of circumstances is not peculiar to our sun alone, but rather obtains in
a great variety of rotatiné)astrophysical objects, Any star (or, even
perhaps some planets like Jupiter) that possesses an expanding ionized
atmosphere with open magnetic field iine topology should have electron
distributions of the type observed in our solar system.

The above discussion should be not misconstrued as to indicate that
the interact:ions of positive ions with waves are ruled out by this
analysis. In fact, they may be of primary  importamce. Provided
the magnetic turbulence invoked for the jons is laminar on the scale
of the electron gyroradius there will be no contradictions to the
current work since such variations would appear to make only minor path
length modifications to 68 (R', R), without there being any significant
electron-wave scattering interaction.

We believe that our results are sufficiently encouraging to warrant
a more detailed and self-consistent formulation of the Coulomb scattering
problem in the solar wind which will be discussed in paper IV of this

series.
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Figure 1

Figure 2

Figgre 3

Figure 4

FIGURE CAPTIONS

v

Idealized magnetic topolegy. For electrons the arc
length, time coordinates (&%, t¥*) are synonynous with

the space time position (x%, t#),

(a) The first five types of space-time trajectories with

. .
access to (4%, t¥*) with v,> 0; (b) first five types of

K

space~time trajectories with access to the same (2%, t¥%)

%
position but with vil = - v“.

L + -
Schematic of fore, £, and aft, £ , electron distribution
functions under different assumptions of the dominant
manner in which suprathermals are backscattered. &

Maxwellian in this format is a straight line. (A) Exclusively

Elastic; in this limit f+/f" —tr% for E > 7 kT, and

—dE/d on £ = <98/4 g, £ in extrathermal regime. (B) Elastic

Dominant plus Tnelastie: (-—dE/ d in f+) > -(dEf don £)

extrathermal; (-dE/d.%lf-) = (—dE/du&af)the

rmal”
(C) Inelastic Exclusive: (—dE/d.@af+) > (-dE/d.Mtf-)

extra

axtra

but (e, < Ela s, 9/ q gn £7)

ermal ® - extra =

kT(R*) where R* is the distant radial position where extra-
thermals have lost so much kinetiec energy as to become 2

member of the local Maxwellian with temperature KT(R¥).

The ratio of fore to aft phase density (f+7f-) as a function

of proper frame velocity parallel to B.as adapted from published
data open circles Feldman et al., 1975 and solid dots from
illustrative theory~~this paper Figure 8. Horizontal line gives

theoretical asymptote of %. which prevails for excusively

elastic case of Figure 3a.
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Figure 5

Figure b

Figure 7

Figure 8

Figure 9

Figure 10

Radial density profile after Sittler and Olbert (1978)

and Sittler (1978).

Radial thermal electron and proton temperature profile.
Constructed as described in text based on empirical

constraints.

Self-consistent change in potential energy for an electron
where the zero of potential has been shifted to the base
of the corona. An electron gives up kinetic energy which
iz stored as this potential change in leaving the lower

COYonAa.

. . (1) % &
(a) Theoretical profile of f (v“= R ~ 1.1 AU) for
U, = 400 km; (solid curve) fk(O) (AS = 0) used in solution;

see text for details.

Observed f(vn, r ~ 1 AU) adapted (unfolded) from

Feldman et al. (1975) Figure (1 ).

Spatial locations (R') of the dominant contributions

' % % E3 . . (]_
AL(RT, R.,vn, E ) which determine £

) (vﬁ, Ri7 in Figure 8.
The low energy (5 eV) thermal population were last members
of a collisional distribution very near the observer. The
high energy (500 eV at 1 AU) suprathermals (halo) 6 = 0 and
8 = 180° were last members of a collisional distribution
deep in the corona. The 0 = 180° halo particles are

scattered backwards toward the observer at R' ~ 2-10 AU

which is outside the observer's position of ~ 1.1 AU.



Figute 11

Figure 12

* &
Theoretical profile () f(IJ (v“, R=1.,1 AU) for
U_= 800 km/sec. Solid curve is fk(o) (v”, AS = 0);

see text.

Dominant spatial contributionsz to solutiuva in Figure 11,
game format as Figure 10, hut for the solution shown in
Figure 11. WNote reduced sczle for extrathermal contri-

butions.
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