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THE SOLAR WIND ACCELERATION IN CORONAL HOLES

Roger A, Kopp

Los Alamos Scientific Laboratory

Los Alamos, New Mexico, USA

Abstract Past attempts to explain the large solar wind velocities in high speed
streams by theoretical models of the expansion have invoked either extended nonti]er-
mal heating of the corona, heat flux Inhibition, or direct addition of momentum to
the expanding coronal plasma. Several workers have shown that inhibiting the heat
flux at low coronal densities is probably not adequate to explain quantitatively the
observed plasma velocities in high speed streams, We stress here that, in order to
account for both these large plasma velocities and the low densities found in coro-
nal holes (f~which most high speed streams a~believed to emanate), extended
heating by itself will not suffice. One needs a nonthermal mechanism to provide
the bulk acceleration of the high speed wind plasma close to the sun, and the most
likely candidate at present is direct addition of the momentum carried by outward-
propagating waves to the expanding corona, Some form of momentum addition appears
to be absolutely necessary if one hopes to build quantitatively self-consistent
models of coronal holes and hiqh speed solar wind streams.

1. INTRODUCTION——

One of the most challenging problems facing solar wind physicists today is to

explain the origin of the 700-800 km/s velocities observed to typify recurrent high

speed streams (HSS) at 1 A.U. Such velocities far exceed the predicted wind speeds

of a few hundred km/s for conventional spherically synrnetricwind models heated solely

by classical thermal conduction (Noble and Scarf 1963; Hartle and Sturrock 1962;

Durney 1972, 1973). The ordinary thermal pressure gradient of the coronal plasma

near the sun is simply not adequate to provide the necessary outward acceleration,

unless an unrealistically high value is ascribed to the kinetic temperature there

(Munro and Jackson 1977). Thus an explanation of the enhanced plasma outflow speeds

entails at the outset a correct identification of the bulk

at work in a high speed stream,

To date, t!~reedistinct physical mechanisms have been

the observed velocities in a HSS. They are discussed most

wind acceleration processes

proposed to account for

conveniently within the

framework of the energy equation for stationary outflow along an infinitesimal radial

flow tube (whose cross-sectional area, however, may be an arbitrary continuous func-

tion of distance r). In differential form the most basic version of this equation is

pvg=$,

where? is the mass density, v is the plasma

Q is the volume heating rate by nonadiabatic

and T is the plasma kinetic temperature, We

(1)

bulk velocity, S is the specific entropy,

processes (including thermal conduction),

consider here only a one-temperature



“ prak. It is a comnon practice to single out therinalconduction as a specific pro-
● .

cess giving rise to nonadiabatic changes of state, Thus one might write

t Q=Q . v.~,
w

where ~is the heat flux

sents the heating due to

(2)

density (mainly due to electron conduction) and Qw repre-

all other processes (e.g., wave dissipation). In 9eneral~

these other processes can also add momentum to the flow, so that the appropriate

form of the momentum equation is

(3)

where D is the momentum addition rate per gram, P is the plasma thermal pressure,

and M is the solar mass. Combining Equations (1) - (3) and using the ideal gas rela-

tions for pressure and entropy, one obtains a more familiar form of the ener$y equa-

tion:

(4)

where R is the gas constant and~is the mean molecular weight.

Equation (4) simply states that the change of specific energy convected by the

solar wind (kinetic + thermal + gravitational) is caused by conductive heating, by

heating through other processes ((JW),and by direct momentum addition to the plasma

(D). Any increase of the convected energy ultimateiy (i.e., at large distances)

shows up as kinetic energy, since both the thermal and gravitational energies vanish

at infinity.

The three mechanisms proposed by various authors to explain HSS velocities

correspond to the convected energy “sources” represented by the last three terms in

Equation (4). It is important to note that, of these processes, the first two accel-

erate the wind by first heating it; the actual acceleration occurs, for a given flow

tube geometry, through the thermal pressure gradient thereby established. Only by a

direct addition ofmcmntum to the plasma, represented by the last term in Equation

(4), can a large velocity be imparted to the wind without raising its temperature

substantially.

Expansion models based on uninhibited thermal conduction as the only heat source

above their inner boundary seem to be established as the starting point in solar wind

theory, against which more complex models can be compared. In these purely conduc-

tive models there is a natural conversion of a portion of the heat flowing outward

from the coronal base into convective flow at large distances; in general, however,

this conversion is not complete and a residual heat flux persists to infinity.

Parker (1964) pointed out that, for temperatures and densities characteristic of the



o ave%age corona, the resulting expansion cannot attain an asymptotic veloclty largerb.
than about 300 km/s. This result is also borne out by recent modeling attempts (e=9r*

Durney and Pneuman 1975).
8

Parker (1964) also demonstrated that cutting off, or at least depressing, the

heat flow at large distances relative to the classical value, -KVTt would act. to

increase the flow velocity at infinity. Physical mechanisms which might give rise

to a reduced heat flow far from sun are the spiraling interplanetary magnetic

field (which restricts heat TI- ?e radial direction) and the heat flux limit

set by the finite plasma density. ner of these processes is adequate to sever

completely the heat flow to infinit,, thereby assuring that the asymptotic expansion

is adiabatic. The description of heat flow in a nearly coll.isionless(low density)

plasma such as the solar wind has been the subject of a numberof papers in recent

years (Perkins 1973; Hollweg 1976); a correct formulation of the problem is still a

matter of some debate. Conduction-dominated expansion models incorporating the

effects of a saturated heat flux and a magnetically modified conductivity have been

constructed by Durney (1973) and by Durney and Hundhausen (1974), respectively. In

the latter study the spiraling field pattern was shown to have a pronounced effect

on the expansion velocity of a low density corona, but only a modest effect on a

corona as dense as the sun’s. The physical reason for this is that, at actual coro-

nal densities, a major fraction of the heat flowing outward from the bdse is consumed

by the expansion before the level is reached where the spiral-field inhibition becomes

significant. So by inhibiting the heat flow completely, only a small additional

amount of energy is available to the expansion. It does not seem possible by this

means to produce, for realistic coronal parameters, solar wind speeds in excess of

about 500 km/s at 1 A.U. Thus restricting the conductive heat flow in the solar

wind, although operating in the right direction, is not in itself capable of accounting

for the required plasma acceleration in a high speed stream.

About the processes of nonthermal heatf!ig and momentum addition we shall not say

much of a specific nature at this point. In ge~eral, however, a particular mechanism

that adds energy to the solar wind probably implies a specific relationship between

the rates of heat and momentum additiun, as has been demonstrated by Wentzel (1977)

for the case of Alfv~n waves. This point has not been adequately emphasized in coro-

nal heating theories in the past. Also, as will be elaborated by the authors of the

subsequent papers ef this sessions it may in the future be possible to impose some

constraints on the spatial distributions of the heat and/or momentum deposition func-

tions on the basis of the resulting mess and energy fluxes in the solar wind.
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CORONAL HOLES AND THE MASS FLUX PROBLEM

Mith the discovery (Krieger et al. 1973) and subsequent confirmation (Neupert

Pizzo 1974; Timothy et al. 1975; Sheeley etal, 1976) that many recurrent high

speed streams appear to originate in coronal holes, which are large low-density

regions of unipolar, diverging magnetic fields, an important new constraint must be

placed on the HSS plasma acceleration process. Namely, a large fraction of the

acceleration must take place rather close to the sun, say within 2-3 Ro. This fact

was pointed out by Kopp and Holzer (1976) and will be referred to as the mass flux——
problem. Assume for the moment that the solar wind expands in an r2 geometry. Then

to provide the observed HSS mass flux at 1 A.U. of about 3.5 x 108 electrons/cm2-s

requires, through the continuity equation, that the bulk velocity at distance r be

given by

3.5 X108 2152
“(r)== (~) , (5)

where Ne(r) is the electron density. Largely because of the low densities observed

in coronal holes, the velocities inferred from Equation (5) are large even close to

the sun For example, using the hole densities found by Munro and Jackson (1977),

velocities of 135 and 360 km/s are required at 2 and 3 R , respectively. These esti-
02mates would be increased even further if the faster-than-r variation of coronal hole

geometry close to the sun were taken into account. Thus it is clear that, in parti-

cular, dynamical models for HSS outflow must exhibit a transition to supersonic

velocities at a much lower height in the corona (2-3 Ro) than do conventional models

of the solar wind, For which the critical point occurs at 5-10 Ro. It is pertinent

to have some understanding of the physical processes that might establish such high

speed flows, as a g:lideto future modeling studies of coronal holes and long-lived

streams.

The outward acceleration of the coronal plasma is governed by the momentum

equation (3) above. Th~s equation may be combined with the ideal gas equation of

state and the differential

an infinitesimal tube with

~d +~dv+ldA
# r v= XT

form of the continuity equation for radial flow along

arbitrary cross-sectional area, A(r), vlz.t

=09 (6)

to give a single first-orderdifferential equation for the velocity:

(7)

where C* ● RT/#A. Equation (7) Is usually referred to as the critical point equation,

because it exhibits topological singularities at the points where V* - C* and thek
right hand side vanish simultaneously. In the general case D, C2, and possibly even
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A~y themselves depend on the velocity, and a discussion of the solution topologies

of Equation (7) becomes quite involved, as has been demonstrated by Holzer (1977),

The situation is considerably simpler if the terms on the right hand side do note
involve the velocity explicitly. Then the zeroes of the right side determine the

positions of possible critical points, and the critical points are either of the

X-type or the O-type, depending on whether the solutions of Equation (7) in their

neighborhood resemble hyperbola or ellipses, respectively.

The conventional applications of Equation (7) have, for the most ;;r;~ be;n

made for the case of no momentum addition (D = O) and radial geometry (~~= ~).

In this case the effects of extended heating and thermal conduction determine the

plasma acceleration through the terms involving C* and dc2/dr. Usually there exists

a single critical point, whose position is determined (primarily) by a balance between

gravity and ~pherical divergence. Although Parker (1964) has pointed out that certain

temperature profiles may admit the possibility of more than one critical point, these

appear unlikely to occur in practice and their consequences have never been explored

in detail.

Parker (1963) and others have also shown that, for a given temperature profile,

this single critical point can be made to occur closer to the sun by adop ing a flow-
$

tube geometry that expands outward faster than r2. This makes the term ~~become

equal to ~ at a smaller heliocentric distance than in the spherically sy~etric

expansionrmodels. However, whereas the idea of moving the position of the Parker-

type critical point closer to the sun is an interesting one, it is unacceptable for

application to the coronal hole problem for two reasons. First, in order to achieve

a subsonic-supersonic transition in the region 2-3 R. would require an areal diver-

gence rate about 3 times larger than that for radial expansion, out to at least the

position of the original (r*) critical point (5-10 Ro), There is no observational

basis for such extreme geometrical spreading over this entire distance range in a

coronal hole. The second point, in fact, is that the meager observations that exist

Pertaining to coronal hole boundary shapes (Munro and Jackson 1977) indicate that

the geometry is very nearly radial beyond about 3 Ro, so that one would expect to

find the area and gravity terms in Equation (7) nearly in balance far out in the

corona as predicted by the radial flow models.

Nevertheless, withir the first solar radius or so above the photosphere in a

coronal hole region the flow geometry does depart markedly from radial, and there

are potentially important effects on the flow. Kopp and Holzer (1976) showed that,

if the area of a flow tube expands more rapidly than r2 in the low corona, and then

as r2 at greater heights, additional critical points may appear within this region

of nonradial expansion, There will in general be only one transonic solution begin-

ning with subsonic velocities near the sun and extending continuously to infinity,

where the velocity is of course supersonic. If the areal divergence in the low
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co~ona is sufficiently large, this solution will be the one that passes through an

X-type critical point in the non-r2 regime and remains supersonic at all larger dis-

tances. In particular, it passes above the outermost (Parker-type) critical point.

This picture provides a natural explanation for the observation that coronal holes

appear to be discrete entities; there does not seem to be a continuous sequence of

coronal regions of progressively lower densities, spanning the range from the average,

or background, corona to well-developed hole regions. According to the Kopp-Holzer

model, the expansion velocity will either be subsonic throughout the inner corona

(for smal1 departures from radial geometry) and the density wi11 be large there, or

else it will be supersonic everywhere above the innermost critical point low in the

corona and the density will be low there. This latter case is the one which auto-

matically obtains for large spreading factors.

At the present time it appears unlikely that the model developed by Kopp

Holzer (1976) provides a complete explanation of the coronal hole phenomenon.

and

(It

certainly makes no attempt to explain the observed HSS velocities at 1 A.U., since

the authors used for simplicity a polytrope law in place of the full energy equation,

and the observed HSS velocity was imposed as an input condition for th~ir solution.)

Subsequent to this work, Steinolfson and Tandberg-Hanssen (1977) showed that solutions

with multiple critical points also result in thermally conductive flow with the same

type of nonradial geometry in the low corona and that, again, the physically meaning-

ful solution may be that which becomes supersonic close to the sun if the amount of

nonradial spreading is sufficient. From the empirically determined geometry for the

large polar coronal hole analyzed by Munro and Jackson (1977), however, the innermost

X-type critical point, which is required to produce supersonic flow at low heights,

apparently lies below the base of the corona.

Using the empirical electron density distribution and boundary shape for this

coronal hole, which constitutes the most completely documented case to date, Munro

and Jackson solved the momentum and continuity equations (with D = O) for the radial

temperature distribution that would be required to sustain a dynamically steady

expansion state. The mass flux was chosen to be that appropriate for high speed

streams (3,5 x 108 protons/cm2-s; cf. Feldman et al. 1976), and the solution for

T(r), v(r), etc. between r = 2 R. and r = 5 Rowas carried out by the method of

Brandt et al. (1965) generalized to a non-r2 expansion, using as a boundary parameter

the kinetic temperature at 2 Ro. The physically acceptable solutions reach sonic

velocities between 2 and 3 Ro, as we have indicated above must occur at coronal hole

densities, and have temperature maxima (around 4 Ro) in the range 3.5 - 5.0 x 106 K~

Although accurate temperature determinations in the region 2 - 5 R. do not exist at

present, particularly in coronal holes, few if any coronal and solar wind physicists
$~r today would be inclined to accept such high values, Thus Munr~ and Jackson’s (1977)

work essentially demonstrates that extended coronal ti~ itself cannot produce~— . -— —



vi: the resultinq thermal profile of the corona, the ~quired large expansion velo-.— .—— .
cities close to the sun.—— —.—

As a consequence of the above line of reasoning we feel that futl’reattempts to

construct self-consistent dynamical models of coronal holes and high speed solar wind

streams will have to consider explicitly the plasma acceleration in the low corona

due to direct addition of momentum to the expanding atmosphere. This is because

neither extended coronal heating, nor conductive flux inhibition, nor nonradial geo-

metry effects appear adequate to furnish the required acceleration themselves. It

is quite likely that mcmntumaddition also cannot do the job alone, but perhaps in

concert with the other processes mentioned above there is some hope of building a

unified model of holes and streams. Within the context of current theories of the

corona and solar wind, the most likely source of momentum is in wave motions that

originate in subphotospheric layers of the atmosphere. There is still widespread

uncertainty, however, and therefore no clear concensus as to the MHD mode(s) by which

the wave energy and momentum reach coronal heights.

The idea of momentum addition to the solar corona and solar wiridis of course

not new to astrophysics. It was pcinted out many years ago (Lust et al. 1962) that,

if compressional waves heat the corona, they must also exert an appreciable pressure

that acts, together with the plasma pressure, to support the weight of the overlying

atmosphere. The momentum carried by Alfv6n waves in the outer corona has been pro-

posed by several authors (Alazraki and Couturier 1971; Belcher 1971; Hollweg 1973,

1974) to be an important acceleration mechanism for the solar wind. Again, as with

extended coronal heating, the emphasis thus far has been largely directed toward

explaining the enhanced outflows in high speed streams seen at 1 A.U., and until

very recently little effort has been given to the possibility of such waves generating

high velocities through momentum transfer in the low corona.

Some general studies of the properties of expanding coronas with substantial

momentum addition near the sun have been carried out, Holzer (1977) used the fluid

conservation equations, equivalent to those we have written above, to illustrate

qualitative features of the solution topologies to be expected for atmospheres with

various arbitrary forms of the momentum addition functicn. Jacques (1977) has exam-

ined the effects of wave momentum transfer and energy dissipation on the dynamics of

an idealized isothermal, spherically syrmnetriccorona. He found that the general
effect of momentum addition is to move the critical point closer to the sun and, in

some cases (namely those involving acoustic wave heating in addition to momentum

deposition), to create additional critical points in the flow. McWhirter and Kopp

(1979) construj.zd a numerical model of a nonspherical isothermal corona maintained

by the momentl,,nflux carried by Alfv&n waves (but the heating by these waves was not

treated explicitly). Although a rather restricted form of the energy equation was

used, the resulting model served to illustrate a situation in which the subsonic-

supersonic transition comes about primrily frum a balance between the momentum addi-



‘ t~on term Dand the gravity term in Equation (7). Since the combined effects of

coronal heating, momentum addition, and nonradial str%amtube geometry, complicated

. by a high degree of conductive flux inhibition, have yet to be incorporated simul-

taneously into a full-scale modeling effort, however, it still remains to be seen

whether these processes can conspire to produce an acceptable physical description

of coronal holes and high speed streams.
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