l MNE¢_ 13067

’ NASA Conference Publication 2280
/
| JSOIUI

|

TR 1N LA . . . ke

4 é): . s . : oy ’.1-1‘0'&
! - e PR P
; i . ‘:" "", “n""}‘ ‘:‘-‘?
z Ve
l Proceedings of a conference held in
‘ Woodstock, Vermont
' November 1-5, 1982
|
|
| ———— A B

,; 25 NASN

25th iinniversary
1958-1983

P e =




NASA Conference Publication 2280

Solar
Wind
Five

Edited by

Marcia Neugebauer

Jet Propulsion Laboratory
Pasadena, California

Proceedings of a conference
sponsored by NASA Headquarters
and the Jet Propulsion Laboratory

and held in Woodstock, Vermont
November 1-5, 1982

NASA

National Aeronautics
and Space Administration

Scientific and Technical
Information Branch

1983



PREFACE

The fifth solar wind conference was held at the Woodstock Inn, Woodstock,
Vermont, November 1-5, 19¥2. It followed the successful pattern set by earlier
solar wind conferences in Pasadena, California, in 1964, in Asilomar,
California, in 1971 and 1974, and in Berghausen, Federal Republic of Germany, in
1978.

Solar Wind Five was the first solar wind conference to be held as an AGU
Chapman Conference. These topical conferences are a memorial to Sidney Chapman,
who was one of the pioneers of solar wind research. Chapman not only attended
the first solar wind conference, but also wrote the foreward to the Proceedings
of that meeting. This time we have no volunteer to summarize the entire meeting
and put it into perspective. We have instead obtained brief summaries of some
of the sessions, usually written by the session chairman.

Detailed plans for Solar Wind Five began to take place at an organizational
meeting in Baltimore in June, 198l. A rather informal organizing committee
consisting of A. Barnes, J. Belcher, D. Bohlin, L. Burlaga, R. Carovillano, M.
Dobrowolny, L. Fisk, J. Gosling, J. Hollweg, A. Lazarus, M. Neugebauer, K.
Ogilvie, R. Rosner, C. Russell, G. Siscoe, R. Schwenn and E. Smith gave advice,
both at that meeting and through the mail. Most of the real work of organizing
the technical aspects of the conference, rounding up papers for the Proceedings,
and getting the papers refereed was done by the Program Chairmen. These people
worked hard, and much of the success of the conference was due to their efforts.
They are:

Solar corona: J. Hollweg and G. Withbroe

MHD waves and turbulence: A. Barnes and K. Denskat

Acceleration of the solar wind: T. Holzer and J. Belcher

Stellar coronae and winds: R. Rosner and E. Leer

Long-term variations: J. Feynman and G. Siscoe

Energetic particles: L. Fisk

Plasma distribution functions and waves: W. Feldman, M. Dobrowolny, and E.
Marsch

Spatial dependences: E. Smith, V. Pizzo, and R. Schwenn

Minor ions: K. Ogilvie

Dynamics: J. Gosling and L. Burlaga

The logistics of the Conference were very ably handled by Anne Greenglass
and her staff at the American Geophysical Union and Anne Bowes of MIT.

V. Pizzo of the High Altitude Observatory has volunteered to organize Solar
Wind Six a few years hence.

Alan Lazarus

Marcia Neugebauer
May 27, 1983
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SUMMARY OF THE SESSION ON THE SOLAR CORONA

Joseph V. Hollweg

SW5 began characteristically with a look at the source of the problem:
the solar corona. Several methods of heating the corona to the desired
million degrees values were explored, among them Alfven "waves,” surface waves
and direct dissipation of magnetic fields. A successful quantitative analysis
still eludes us, particularly in attempting to heat the corona above coronal
holes where the magnetic field configuraration lacks the complicated closed
loop structure found above more active regions. Observations of the Sun in
EUV and x-ray reveal a fascinating picture of magnetic structures and emission
which exist from very small scales (e.g. x-ray bright points) to large
sunspots and active regions. Moreover, mass motions and transients are also
evident over this wide range of length scales. These features were
dramatically displayed in recent full-disk observations and movies in, for
example, x-rays and scattered white light. The variations in these phenomena
over the 11 year solar cycle are considerable, although, interestingly, the
emergence of new magnetic flux, mass motions, etc. are omnipresent in one form
or another. Finally, UV spectroscopic methods are beginning to identify the
initial acceleration of the solar wind in small (~ tens of km/s) outflow
velocities in the corona.
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CORONAL. HEATING BY WAVES
Joseph V. Hollweg

Space Science Center, Dept. of Physics, Univ. of New Hampshire, Durham, NH
03824

Abstract. We show that Alfven waves or Alfvenic surface waves can carry
enough energy into the corona to provide the coronal energy requirements.
Coronal loop resonances are an appealing means by which large energy fluxes
can enter active region loops. The wave dissipation mechanism still needs to
be elucidated, but a Kolmogoroff turbulent cascade is fully consistent with the
heating requirements in coronal holes and active region loops.

Introduction

The solar chromosphere and corona are heated mechanically. The energy
requirements of the chromosphere and corona are roughly comparable but one
usually speaks of 'the coronal heating problem', presumably because of the
spectacularly high temperatures there; it is probably a mistake to conceptu-
ally separate the chromospheric and coronal heating problems, but space
constraints require us to do so here. Spicules present the dual problems of
heating and accelerating the chromospheric gas. Locally, in a spicule, the
energy requirements are comparable to the chromospheric and coronal heating
requirements; again, it is probably a mistake to separate the spicule problem
from the overall energy balance of the solar atmosphere.

In this review we discuss theories which invoke waves to heat the corona.
If we are willing to interpret the word 'waves' broadly enough, there are good
reasons for invoking waves. First, any mechanical process requires that the
convection zone do work, followed by the mechanical transfer of energy upwards
intc the corona. The sclar atmosphere must move if work is to be done, and it
is a fact of life that virtually all motions in the solar atmosphere obey
hyperbolic equations which yield wave or wave-like solutions. For example,
the linearized versions of the twisting motions invoked by Parker in the next
paper obey the Alfvenic wave equation. Second, the corona is observed to
contain ubiquitous non-thermal motions of the order of 10-30 km s ~ (rms) (e.q.
Bonnet, 1978; Cheng et al., 1979; Doschek and Feldman, 1977; Feldman et al.,
1975) . These motions are unresolved in space and time. For the reasons given
above, it is likely that these motions can be thought of as waves. We will
argue below that the observed motions may contain sufficient energy to heat
the corona, and a wave theory of coronal heating seems possible. Third, the
solar wind may serve as a prototype. Alfven waves (e.g. Belcher and Davis,
1971) and/or surface waves (Hollweg, 1982a) appear copiously in the solar wind
beyond 0.3AU and there is some radio evidence for the presence of significant
wave fluxes in the acceleration region of the wind (Hollweg et al., 1982a).
Successful Alfven-wave-driven solar wind models have been constructed (e.g.
Hollweg, 1978a). And the behavior of heavy ions in the solar wind suggests
the operation of wave-particle interactions (see Isenberg's review in this
volume). The solar wind may be telling us that the sun radiates energetically
significant wave fluxes, and that waves can heat (and accelerate) at least
part of the solar atmosphere.

In short, it seems that it should be possible to construct a successful
wave theory for coronal heating. And in view of the first point in the pre-
vious paragraph, it is possible that virtually every theory can at some level



be thought of as a wave theory. Nonetheless, a successful wave theory has not
yet emerged. In the following we will summarize some current thinking on the
subject. We will point out where wave theories succeed and where they fail.
And we will suggest some possible routes to be followed in the future.

Some other recent reviews are Hollweg (198la), Kuperus et al. (198l1),
Priest (1982a), and Wentzel (1978a, 1981).

Energies Required and Available

We begin with a brief definition of the problem in terms of the energies
required to heat the corona. It is useful to split the corona into three
types of regions: i. coronal holes, out of which high-speed solar wind
streams flow (e.g. Hundhausen, 1977; Zirker, 1977); ii. quiet corona, con-
sisting of large-scale closed field regions, such as the helmet streamers;
iii. active region loops, consisting of small-scale coronal regions of en-
hanced pressure with a loop-like morphology, presumably tracing out closed
magnetic field lines (e.g. Rosner et al., 1978; Webb, 1981; Withbroe, 1981).
Convenient summaries of the energy requirements of these regions have been
given by Withbroe (1976, 1981).

Coronal holes and quiet corona lose energy via radiation and heat conduc~
tion back down into the chromosphere. In addition, coronal holes lose energy
by heat conduction out into the solar wind; this latter energy loss could be
very large if the high-speed streams are driven thermally, as discussed by
Olbert in this vo%ume. Hg%es_ind quiet corona require an energy flux density
cf a few times 10 erg cm S entering from below. And if the high-spee
sgfeams are thermally driven, the holes may require as much as 10 erg cm
s ~. The volumetric heating rate can be estimated by dividing the energy flux
degaitzlby the distance over which the heating occurs. If we take 3x]0 erg
cm s for_the_ flux density, then the heating rate lies between 10 and
10 erg cm © s for heating distances in the range (0.05 - O.S)rs.

The active region loops lose energy via radiation and via heat conduction
along the magnetic field lines back down into the chromosphere. 1In this case
a useful rule-of-thumb can be obtained by paraphrasing Rosner et al. (1978)
and Withbroe (1981). Let E_ be the volumetric heating rate of the lgop
pl§§ma;l The radiation loss out of the (optically thin) plasma is ng ® erg
cm s ~, where n is electron concentration and ¢ is a function of T
(electron tempera%ure) only. If we neglect flows, the energy equationeis

2
. = - ® (1)
v q EH n,
where is heat conduction. Assuming that q is classical electron heat

conduction along the magnetic field, we can rewrite (1) in the form

K
2 4T ——EJpZQT%dT (2)
e K2 e e e

1 2
T2 9% ~ Ko JEHTe

where it has been assumed that the loop's cross—gﬁstional area is constant (x
is Boltzmann's constant, p is pressure, and K T ~ is the heat conductivity).
We now take E _, ¢ and p to be constants. Theolgop is assumed to have a maxi-
mum temperature T whére g = 0, and it is assumed that q + 0 as T = 0;

. e e e
the latter constraint requires
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and we obtain

1- ) (4)

The quantity ¢ can be eliminated in favor of the loop length as follows: From
the usual expression for qe we have

5/2
KoTe dTe (5)
ds = ——————
|9e]
where s is distance along the loop. Inserting (4) into (5) and integrating
from Te =0 to Te = Tmax gives

3K_ 1 11/4
n 0
p L v ijﬁ K(?magx (6)

where L is twice the distance from T = 0 to T . Inserting (6) into (3)
. . e max
gives finally

N 7Ko 7/2
H L max (7)

Since ¢ does not appear in (7), it is probable that errors associated with
restricting & to be a constant will not be very significant. Equation (7)
gives the required energy flux density if all the energy comes up along the
loop from one of its footpoints; half that value is required if qual flu{SS
come up both footpoigts. For a_short (long) loop we take L-$ 6x10° (6x10 )
cm and T %= 2 x710 (2.5 x_10") K, ggd yith KO = 8.4 x 10 (c.g.s.) we ob-
tain E LE .1 x 10 (2.4 x 1Q07) erg cm " s 7; the corresponding volumetric
heating rates are 1.8 x 10 (4 x 10 7) erg cm s ~. It is interesting to
note that both the energy flux density and the volumetric heating rate are
smaller on longer loops; it is the task of theory to explain this.

Can the observed nonthermal velocities in the corona supply the required
energy flux densities? It is easy to show that slow (sound) waves cannot do
the job, and we will henceforth ignore them. For _the fast or Alfven modes, we
calculate the energy flux density to be 2pO Gvrm v_ where v_ is the Alfven
speed and p_ is the coronal density (the factor $g'l6allows_§or 2 polarization
states). Fgr co onal holes we take p = 3.3 x 10 gm cm5 , B = §2Gagis,

Sv s = 30 km s ~, and the energy flux dgTEity is_g.d x 107 erg cm s . For
active region loops we take p = 5.2 x10 "~ gm cm (for a mean molecular
we%ght of %, this density yie?ds a tota} pressure of 2 dyne cm if T = 223 Xy
100 K), B = 100 Gauss, 6v = 30 km s ~, and we obtain 3.7 x 10 erg cm s
for the energy flux densityS Thes energy fluxes are adequate to supply the
required energies, if the 30 km s = nonthermal motions are fast or Alfven
waves.

Can the nonthermal velocities supply the required volumetric heating
rates? Write

2y

By = Zmi (ZQosvrms (8)

H

where w, is the imaginary part of the wave (angular) frequency (the second
fact9£ o agg%n g}lows for 2 polarization states). Coronal holes require E

N 10 erg cm s =, and (8) implies wi/wé 0.4 if the wave period is 300s (tﬁe
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latter figure is a guess). Active region loops require E_ < 2 x 10—3 erg cm
s ~, and (8) implies w,/w< 0.17 if the period is 100s (the reason for this
choice of period will %e given below). Our estimates of w./w are not larger
than 1, and it can be meaningful to talk about propagating, but damped, waves.

Finally, we must ask whether the convection zone can do enough work on the
system. We will assume that the work is done on the intense photospheric
magnetic flux tubes (for a review see Spruit, 198la). If the energy propa-
gates as an Alfven wave, the convective motions can supply an energy flux
density to the corona of

2
ch Gvc,rmstc (Bcor/Bc) (9)

Here the subscript 'c' refers to the top of the convection zone,the factor '2'
allows for two polarizations, and the factor (Bbor/Bc) represents the area ex-
pgTsion of the flux tube. Taking Pe = 3 x 10-7 gm cm_3_§nd_§vc ms 1 km

s ~, we obtain energy flux densigies of 2,5 x,10 erg cm s Ih a coronal
hole (BCor = 8 Gauss) and 3 x 10 erg cm s in an active region loop (Bc r
= 100 G&uss). These values exceed the requirements by more than an order—o%—
magnitude. As we shall see, this is fortunate, since most of the wave energy
is reflected before reaching the corona. (Strictly speaking, equation 9
ignores the details of the wave generation process at the top of the convec-
tion zone. BA detailed analysis of the coupling between convection and the
photospheric flux tubes is really needed, but not available.)

Reflection and Transmission
Fast waves

The coronal pressure is small compared to the magnstis pressure. The fast
mode dispersion relation is then approximately w = k“v_“, where k is the
wavenumber. Upon splitting k into horizontal (h) and vertical (v) components,
we obtain )

w
k2 = v,2 - k2 (10)
Taking the w - k. _ structure for the known solar motions in_the photosphere and
chromosphere, Ho?lweg (1978b) found that the sun yields k < 0 in the corona.
Fast waves can be expected to be evanescent in the corona, i.e. they suffer
total internal reflection somewhere below the corona. Fast waves can not be
expected to supply the required energies to the corona. Moreover, the situa-
tion is worst in the active regions, which have the greatest energy require-
ments; the reason is that the active regions are observed to be highly struc-
tured (implying large k. ) and to have strong magnetic fields (implying large
v_). Leroy and Schwartz (1982) and Schwartz and Leroy (1982) concur with this
conclusion. (See also Osterbrock, 1961.)

However, we note that interesting results have been obtained by Habbal et
al. (1979). They postulate the presence of coronal fast waves with a period
of 3s. They use ray-tracing techniques to follow the propagation of the wave
energy, and emphasize the tendency of the fast waves to refract into regions
with smaller v_; some waves can even be trapped inside a dense loop, in
analogy with tﬁe trapping of light in an optical fiber. They consider the
Landau/transit-time damping of the waves (e.g. Barnes, 1966) .. An interesting
feature of the damping is that it increases with B_ = Bin/B , if Bp is small
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(the subscript 'p' refers to the protons). 1In the isothermal model of Habbal
et al., B_ is largest where v_ is smallest. Thus the waves refract toward
regions of larger damping. Tﬁis means that the fast waves can heat some
coronal regions more strongly than others. The effect is enhanced by a
'positive feedback', whereby local heating increases B along a given field
line (since heat conduction spreads the heat along %),Pwhich in turn increases
the heating, and so on. A ‘'catastrophic' situation can occur in which once
fast waves begin heating the plasma, they dump all their energy in a small
flux tube. Habbal et al. suggest that such a scenario can account for the
highly structured nature of the corona in a natural way. But it has to be
shown that the waves exist, and that equation (10) can be overcome.

Alfven waves

Unlike fast waves, these waves never totally internally reflect, and we
consider them in some detail. Hollweg (1981b) has considered the propagation
of small-amplitude (linearized) axisymmetric twists on a background potential
magnetic field which has an axisymmetric untwisted fleur-de-lis structure. If
the axis of symmetry is vertical, the twisting motions do not couple to
gravity or to the radiation field, and they are non-compressive. If the
motions vary as exp(iwt), they obey

B

I IE NI T N
WX 4ﬂpo 3s Lr Bo 9s ] (11)
~w?y = 28 i[ ic ?.Z] (12

y o 3s brp x ds )

o)
. )
iwy = rZBOS 5§ (13)

where x = v, /r, y = r §B,, the subscript 'o' refers to the background, the
prefix '8' refers to the wave, 8 is the angle about the axis of symmetry, s is
distance along any field line, and r(s) is the distancg from the axis to the
field line. For field lines near the axis we expect r Bo x constant, and (11)
becomes

Equation (14) i;zﬁhe Alfvenic wave equation; we deal with it in what follows.

if Va N es . then (14) has the solution

Sv
—rﬁ = [aHo(l) () +b Ho(z)(E)] olut (15)

where £ = th/vA(s), and a and b are complex constants. From (13)



-ir B
6 = —— 08 [aHl(l) (&) + le(z)(g)] ot (16)

0 vA

The time-averaged Poynting flux, <§>' is along the magnetic field:

B
= _ _0
<8> = = <6ve SBe> (17)
From (15) and (16) we obtain
Bozrz 2 2
<8 > = — (Jal® - [b]“) (18)
81" hw
From the form of(é}S), we interpret the Ho(l) part of (15) as the upward-going
wave, and the Ho part of (15) as the downward-going wave (Hollweg, 1972).
Now the exponential behavior of v_ used in (15) - (18) roughly represents

the probable behavior in the chromos%here and transition region of a flux
tube, but v_ is much more nearly constant in the coronal part of a flux tube
(Figs. 3 and 10 of Hollweg, 198lb). If the corona extends to infinity, as in
a coronal hole, it is possible to obtain some useful analytical results by
considering a two-layer model, in which

= = > 9
Va vA,cor constant, s 0 (19a)

vy = VA,cor e s/2h , 8 <0 (19b)
Here s > O represents the corona, and s<0 represents the chromosphere and
transition region. Equations (15) - (18) apply in s < 0, while the usual
harmonic solutions apply in s > 0. At s = O we apply the matching conditions
that 8v. and 8B_ be continuous (this ensures continuity of <S _>). The
matching conditions give s

gDy @
b__o 1 (20)
a” T L@ @
o 1
where the argument of the Hankel functions is 2hw/v = 0. From (20) we

can calculate the reflection coefficient, R, i.e. tﬁéc?gtio of downward-going
energy flux to upward-going:

R = |b|%/]al? (21)

In the limit of small o, we obtain
R 1-2ma (22)
(Equations 19-22 have been given by Leer et al. (1982). They are a special

case of Hollweg (1972).) Since equations (20) - (22) are obtained from the
matching conditions at s = 0 it seems natural to think of the reflection as
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occurring at the discontinuity in scale height there (Hollweg, 1972).
However, Wentzel (1978b), following Tolstoy (1973), and Leroy (1980) have
argued that R is really the accumulated reflection off of the entire chromo-
sphere and transition region. The latter interpretation is probably correct,
but we are then perplexed as to why R can be calculated solely from the
matching conditions at s = O.

For a flux tube_?ntering a coronal hole we might have h = 250 km, and
Va = 1200 km s ~. If the wave period is 300s, the energy transmission
cos¥ficient is 1-R = 0.055. 1In the previous_section we estimated that the
convectige work gan_iupply 2.5 x 10 erg em s . Multiplying by 1-R gives
1.4 x 10 erg cm s available to the corona. This is enough to supply the
energy redquirements.

The situation is different on an active region loop. We imagine the loop
to be stretched out so that (possibly important) complications arising from
the curvature are ignored (e.g. Wentzel, 1978b). But we must now at the very
least consider a 3-layer model, since there is a chromosphere and transition
region at each end of the loop (an 18-layer model was considered by Hollweg,
1981b). We take

A vA,cor exp(s/2h), s < 0O (23a)

< g <
A vA,cor' 0 s L (23b)

- - [ ]
A= vA,cor exp [-(s-L)/2h'], s > L (23c)

We imagine there to be a source at the far end of the loop, in s > L. We
impose the boundary condition that there be only an outgoing (from the source)
wave in the region s < 0. The other two regions have both upward-and
downward-going solutions. Applying matching conditions at s = 0 and s = L
allows us to calculate the ratio of downward-going energy £flux to upward-going
flux in the region s > L. Again calling this ratio R, we obtain

n
R =|N/D|” (24)
where

(2) (1)

N = (Hl (1)@)}%) (a) + Ho (B)HI(Z)(a)}cos kL

(25)
+[H1 (1)(B)H1(2)(a) - Ho(“ (e)HO‘Z)(a)}sin KL
and
2) (2) (2) (9)
D = (Hl BIH_“ (@) + Ho‘z (B)H, 2 (a)] cos kL
n, 2 eyn @ ) - n ) gyn_ @) (a)} sin kL (26)

W > i = = ' = .
e have defined o 2hw/VA,cor’ B= 2h w/vA,cor' and k w/vA,cor
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Expressions (24) - (26) have not yet been analyzed in detail. But they
take a simpler form if a = 8, and if o, B << 1. Then

2

Y in kL + Y kL 7
N% ¥, "sin 2 ¥ Y cos (27)

and
DY N + Zin cos kL (28)

It is interesting to note that N can be exactly zero at certain resonant
frequencies which are approxmately given by

mres R m'Trvl\,cor/L (29)
where m = 1,2, 3... (For exaﬂple, the resonant period is 40s ifm=1, v
= 3000 kms ~, and L = 6 x 10 km.) At these frequencies the reflections
vanish, and a large energy flux can pass through the corona and out the other
end of the loop. In the vicinity of one of the resonances it is possible to
use (24), (27) and (28) to obtain the following expression for the energy
transmission coefficient:

A,cor

1-R = 1

2, 2
1+ (YlL/sz,cor) (w wres) (30)

Denoting the full-width-at-half-maximum by Aw, we find

w
_res _ _L (31)
Aw T Q& 47h

(Q denotes the quality). If L = 6 x 104 km and h = 150 km, then Q = 32; the
resonance is moderately high quality. 8

We h ve_ilready estimated that the convection zone work can supply 3 x 10
erg cnm s ~. If this power is in a band width B , then the energy flux
density passing through the corona in one resonang peak is

8, Aw Tw
F = (3 x 10) B 2

(32)
res @

where the factor (n/2) comes from integrating?tgi area under (30). From Fig.
3 of Ionson (1982), we estimate B Y 3 x 10 “s ~. Then from (29) and
(31)-(32) we find w

11 2
F = 6. 33
res 6.2 x 10" mh VA,cor/L (33)
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Note that longer loops receive less ggwer, as (quaiitatively) observed. If we
take h = 150 km,7vA cor 3239 Okms ', L=6x10 km and m = 1, then

Fres = 7.8 x 10 érg cm “s . This is more than enough energy to supply the
loop, but this energy goes right through the loop, since we have put no damp-
ing into the calculation. The calculation with damping still needs to be
done, but work in progress shows that adequate energies can reach and stay in
the loop, since damping tends to broaden the resonance peak, compensating for
its reduction in height.

Equations (25)-(33) are new, but some of these ideas have been considered
previously. Ionson (1978) was the first to show that standing waves can be
excited on active region loops. The first paper to show that resonances can
eliminate the reflections and allow Alfven wave energy to enter the corona was
by Hollweg (1981b). The same point was made independently by Zugzda and
Locans (1982), but their Alfven wave equation differs from (11) and (12)
above. TIonson (1982) has discussed the resonances using RLC circuits as an
analogy. This approach omits some physics, however. For exgmple,4in the
absence of dissipation Ionson gets Q = «, and he uses Q = 10° - 10 in his
paper; by contrast, we £ind Q = 30 or so, even in the absence of dissipation.

An interesting point made by Ionson (1982) is that there appear to be two
classes of loops (active region loops and 'large scale structures'). There
may also be two peaks in the photospheric power spectrum. Ionson suggests
that a narrow-band resonance is a natural means by which the details of the
power spectrum could be mapped into the corona, and thus a double-peaked
spectrum can give rise to two classes of loops.

Alfvenic Surface Waves

The corona is highly structured. In the limit that the structuring takes
the form of discontinuities, it is possible to find new wave modes supported
by the surfaces. These surface waves have recently been of considerable
interest. See Edwin and Roberts (1982), Gordon and Hollweg (1983), Hollweg
(1982a), Ionson (1978), Roberts (198la, b), Wentzel (1979).

Consider a cold, stationary background plasma which varies only in the x -
direction. The background magnetic field vector varies in ¥, but its magni-
tude is constant. The system supports small-amplitude fluctuations obeying

_ 9 e Idv (34)
eSv. = — [—= ———xﬂ
X 2 X
q

where q2 = k2 - wz/v 2 and € = 4wp w2 - ( °E )2; the fluctuations vary as
explik y + ik _z - iwt]. Now,assume that everything is uniform except at a
disconzinuity at x = 0. If g > O everywhere, it is possible to find solu-
tions which evanesce away from the discontinuity as exp[tgx]. The dispersion
relation for these surface waves follows by requiring that 6vx and
(e/q2)38v_/3X be continuous at ¥ = 0.

For ex&mple, suppose Bo is conﬁtant and in the z-direction. Suppose also

that ky is large, so tha% q = ky . The dispersion relation turns out to be
2
w2 - B,
kzz 4wpav (35)

where p is the average of the densities on the two sides of the discontinu-
ity. Eagation (35) is similar to the dispersion relation for Alfven waves.
These surface waves generally turn out to be rather similar to Alfven waves.
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In particular, they propagate energy along B . Much of what was said about
Alfven waves in the previous section appliesoto surface waves as well. They
may be suitable candidates for coronal heating, although many details, such as
their ability to propagate energy through the chromosphere and transition
region, remain to be worked out.

It is interesting to note that surface waves may be present in the solar
wind (Hollweg, 1982a).

Wiggles of Thin Flux Tubes.

Spruit (198la, b) has considered transversal oscillations of thin vertical
magnetic flux tubes imbedded in a field-free gas. If the tube is in pressure
and temperature equilibrium with its surroundings, then the (small) horizontal
displacements of the tube obey:

2 2
9°E 13 p o g
LA R -2 4+ 2 36
(28t+l) 2e2 8 3, o 322 (36)
where g is the gravitational acceleration, and B8, = constant is the ratio of

gas to magnetic pressures inside the flux tube. "If the atmosphere is
isothermal, we can take Evexplikz-iwt] and (36) yields:

2
_ 8P [_. Wt gyk
k_lbp[li (w2 1*] (37)
(o4
where
2
w = gp
c 8p(28t+1) (38)

The waves have a low-frequency cutoff. If the temperature is 104K, if the
molecular weight is 1.3, and if B, = 1, we find from (38) that periods longer
than 900s are evanescent; this is not a severe restriction.

These waves carry energy along the magnetic field. If w >> w , the phase
and group velocities are comparable to the sound speed. They cbuld carry
energy into the low chromosphere. However, the tubes cease to be thin above
the low chromosphere, and a more detailed analysis is necessary. They could
couple some energy into the fast and Alfven modes, which could carry the
energy to greater heights.

Dissipation

The general conclusion of the previous section is that Alfven or Alfvenic
surface waves, and to some extent transversal tube waves, can in principle
supply the corona with its energy requirements. This is the first
requirement of a coronal heating theory. The second requirement is that the
waves deposit energy as heat. Wave theories of coronal heating have so far
failed in this regard, but we will summarize some of the possibilities.

One point to note at the outset is that the observed coronal motions, if
interpreted as magngiic waves, are quite linear. In a_igronal hg%e we might
have v x 1200 km s (if B = 8 Gauss and p = 3.3 x.10 gm cm ), while in
an active region loop we might have vA x 4000 km s (if B = 100 Gauss and p =
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5.2 x 10 > gm cm 3). In all cases Gvrms/vA << 1, in contrast to the solar

wind.

Viscous Heating.

Coronal viscosity is mainly due to the protons. Following Braginskii

(1965) , the proton collision time in an electron-proton plasma is

1 =0.757 /% 5 71 (39)

p p p

for a Coulomb logarithm of 22. 1In the corona 0T >>1 (mc is the proton
cyclotron frequency) and the protons are well-t$BaPto thgl ielg/iines. Of the
five viscosity coefficients given by Braginskii, ng, N 1 T (cgs) is by
far the largest; shear viscosity is smaller by (w_ T ) (rogghly). 1f only
no is considered, the viscous heating rate is p

0 =n 2.2z +33v2)2] (40)

P o 3 ~ 3z ¥t 3Gy
where_z is along the magnetic field. For purely parallel motion Q = (4/3) n,
(V‘X) while for purely transversezmotions QP =ng Vv - X)Z /3. a8 a rule-of2

thumb we will take Q@ =n_ (V - X) . -3 -3 -1

In an active regign lodp we observe Q < 2 x 10 ergcm s . Using the
equation of continuity, this requires Gpp /p g 0.8 if T = 2.3 x 10K §ndlif
the wave period is 100s. 1In a coronal h&1€ w@ observe Q pé 10 erg cm s .
This requires Gprm /pO < 0.9 if T = 1.5 x 10° K and if Phe wave period is
300s. Such large Sensity fluctuagions may occur occasionally in small regions
in the corona, but they are not compatible with the requirements of heating
the entire corona by any of the waves discussed so far.

Heat Conduction

Coronal heat conduction is due mainly to the electrons. They too are tied
to the field lines and the heat conduction is along the magnetic field. The
plasma heating rate due to heat conduction damping of waves is

BGTe 2 1
= ( T - (41)
% il re 9z ) oe
' _— . -7 5/2
where the heat conductivity is « e = 8.4 x 10 Te (cgs) for a Coulomb
logarithm of 22. |G

Low-frequency waves induce nearly adiabatic temperature fluctuations, i.e.
!GT | ~ vy -1 T |V . Gx‘/m, where y = 5/3 is the ratio of specific heats.
Wwe Fhen find (taklgg Te = Tp)

Q
2 - 8.4 x 109 (y-1)2T k_2/42 (42)
Q ez
p
£ T =2 x 10% we find that viscous heating dominates heat conduction if

w/k > 860 km s ~. Coronal Alfven speeds generally exceed this value, and we
deduce that heat conduction will be even less effective than viscosity in
damping the waves.
For completeness we should mention that heat conduction smooths out the
temperature fluctuations in high-~frequency waves. This reduces the
15



effectiveness of heat-conduction damping even further. See Gordon and Hollweg
(1983).

Shocks.

We have already mentioned that Alfven, fast, or Alfvenic surface waves are
to a good approximation linear in the corona. Shocks probably do not form in
the corona. However, Hollweg et al. (1982b) have suggested the possibility
that shocks can form in the chromosphere, on their way to the corona. Hollweg
et al. considered Alfven waves, which steepen into a train of shocks which are
nearly switch-on shocks (see, for example, Boyd and Sanderson, 1969). These
shocks enter the corona, and can carry substantial energy fluxes. Hollweg et
al. suggested that some of the impulsive events observed in the transition
region (see the article by Dere in this volume) could in fact be the shocks.

The volumetric heating rate due to a periodic train of weak switch-on
shocks with period 1t is

B 2 Av 4
Q. = 22— (L) (43)

sos
3277t Vao

if the coronal pressure is small compared to the magnetic pressure ( Hollweg,
1982b); Av, is the jggp in the velocity component transverse to the shock
normal. Since Q v B » this mechanism yields negligibly small heating rates
in active regions. "However, it could conceivably work in coronal holes or
quiet corona if Bo and 1 are small enngh, and_&f Avt is large enough. For
example, if BO = 5 Gauss,.p = 3.3_§ 191 gmecm , Av, = 200 km s ~, and T =
100s, we obtain Q = 10 erg cm s . The corona can be heated over an
extended distancesg§ this mechanism.

Switch-on shocks are probably a worst case. A best case for shocks is a
train of fast shocks propagating across the magnetic field. If the shocks are
weak and if the coronal pressure is small compared to the magnetic pressure,
the volumetric heating rate is

B 2
- _0 Av .3 (44)
s 16mt ( v )
Ao

where Av is the velocity jump across the shock. In an active region loop,we
might have B =100 Gauss and v = 3000 km s_~ . _If we take Av = 200 km s

and 1t = 100s°we find Q. =6 %10~ erg cm ~ s ~. This is comparable to the
heating requirements ogssome moderate 1engt? loops. In a coronal hole wec
miggt_Eave B =5 Gauss and v o= 800 km s ~, and we find Qf = 7.8 x 10 erg
cm s 7. Thé heating of the Cdronal hole is substantial in this case.

Thus fast shocks propagating across B can yield substantial heating. The
same is presumably true for fast shockévgropagating at some not-too-small
angle to Eo' But where would such shocks come from? One guess is that they
could form in the chromosphere in the manner investigated by Hollweg et al.
(1982b) for switch-on- shocks. 1In fact, the study of Hollweg et al. is
probably unrealistically restricted, since there is no reason to expect that
the sun will yield shock normals which are nearly aligned along the magnetic
field; in view of the strong cross-field structuring observed on the sun, the
opposite is probably the case, and further studies must be done. 1In any
event, we will ultimately have to rely on observations to tell us whether
shocks with the required frequency and amplitude do in fact form in the
chromosphere and enter the corona.
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Phase Mixing and Turbulence.

Consider two neighboring magnetic field lines along which energy is propa-
gating in the form of an Alfven wave. If the phase velocities are different
on the two field lines, then the motions on those field lines will not always
maintain the same phase relationship. The motions will move in and out of
phase, and (in the latter case) extremely large cross-field velocity gradients
can develop. Heyvaerts and Priest (1982) (see also Priest, 1982b) have
pointed out that this phase mixing is ripe for viscous dissipation. They
consider the special case where B is in the z- direction, 6v is in the
y-direction, and v_ = v_(x). Unfgrtunately, since the motions in this case
are shears, the viscous damping will be weak, because T_ >>1; this limita-
tion of the efficacy of viscosity was not considered bycgeyEaerts and Priest.

Heyvaerts and Priest consider also the possibility that large velocity
shears between neighboring field lines can result in Kelvin-Helmholz instabil-
ities. (They consider in particular the situation on coronal active region
loops, where the resonances discussed in section IIIB lead to nearly-standing
waves on the loops. A similar idea was mentioned earlier by Hollweg (1981Db)
with regard to Alfven waves in the chromosphere. Since the solar atmosphere
is not homogeneous, and since there is no reason to expect phase coherence
between motions on different field lines, phase mixing may be a ubiquitous and
important effect.) Priest (1982b) estimates the Kelvin-Helmholz growth rate
to be w. x kl|6y|, where kl is the transverse wave number associated with the
velocity shears. But it must be kept in mind that the driving velocity shears
in this problem are time-~dependent. For the analysis (which assumes that the
driving shears are steady) to hold, it is necessary that w, >> w. If ye take
w = 27/(100s), and Iéyl = 40 km s (corresponding to v * v 30 km s ), we
require }y, = 2m/K, << 4000 km. This is not a strong cons€¥§int (the active
region loops are only a few thousand km in diameter), and Kelvin-Helmholz
instabilities may occur. The instabilities may initiate a turbulent cascade
to higher wavenumbers where viscosity (or some other process) can convert the
energy into heat.

Heyvaerts and Priest (1982) and Priest (1982b) consider also the possibil~-
ity that the phase relationship between Alfven waves on neighboring field
lines is such as to produce large magnetic shears. Tearing-mode instabilities
are then possible. (This idea was also discussed earlier by Hollweg, 1981b.)
Priest (1982b) estimates the tearing growth time to be

=417 _3/7  _
v % ley| oy, "0
tmi -

(45)

where np N2 x 1013 T _3/2(cgs) is the magnetic diffusivity; in computing n we

have taken the perpendicular electrical conductivity (Braginskii, 1965) and a
Coulomb logarithm of 22. (Note that n is so small in the corona that classi-
cal electrical resistivity fails miserably as a dissipation mechanism.) For
the analysis (which assumes that the magnetic shears are steady) to be valid,
it is necessary that wt, ., << 1. If the wage period is 100s, this_iequires A
<< 10 km, where we have taken T = 2.3 x 10 K, and |6y| =40 km s T, It is
not known whether the coronal wives are structured on these scales. But
tearing instabilities, if they occur, can initiate a turbulent cascade to
higher wavenumbers.

Suppose a turbulent cascade is initiated. How effective will it be?
Unfortunately, most turbulence theory has been developed for incompressible
fluids with isotropic turbulence. Neither condition can be expected to apply
in the corona. However, as Montgomery (this volume) says, "it's the only game
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in town", so we'll play anyway. For fully-developed@ Kolmogoroff turbulence
one expects

2/3 k—5/3

E(k) ¥C € (46)
O

where k is wavenumber, CO y 1,5 is a yniversal (?) constant, fE(k)dk = <6y2>,

and € (dimensions = velocCity “ time ) is the rate at which <§v?> cascades to
high wavenumbers. Integrating (46) from ko to « gives

2, 1/2
. kg<oy™> (47)

2 =
2¢8v%>  5(1.5 c,)3/2

where it has been assumed that all the energy is in k > k . Now we can regard
E/(2<6xf>) as a measure of the damping rate, w,, since th® cascade pumps
energy to arbitrarily high wavenumbers where it is absorbed and converted into
heat. Equation (47) then yields (c.f. Section II)

3/2 3
_ 2 ko?o gvrms (48)
3/2

E
H
(1.5 CO)

(we have again allowed for 2 polarization states). The problem is that we

are not sure what to put in for k . If we take k = 27/A, wigh M= 3800 km (a
. o. o i = =

reasonable guess.for an active region loop), p =,5.2,x 10 gm cm ~, and

Sv =30 kms ", we find E_ = 2.5 x 10 erg cm s . Comparison with

seffion IT shows that this is adequate to heat the active region loops. In a
coronal hole we mighghha e A, to be the mean distance_?gtween Ege photospheric
magnetic flpx tubes V10 km, and with p = 3.3 x 10 gm cm we obtain E
= 4.7 x 10 erg em T s . Again, we obtain an adequate heating rate. We
tentatively conclude that a turbulent cascade can provide the required heat-
ing. But a theory for turbulence which is applicable to the corona must be
developed. We suggest that this subject be vigorously pursued in the future.
(The author thanks Dr. C. Smith for advice on this paragraph.)

H

Surface Waves

Ionson (1978) has considered the propagation of surface waves on
non-discontinuous 'surfaces'. He considers the problem discussed previously,
which has (35) as its dispersion relation in the case of a truly discontinuous
surface. He finds, however, that w is now complex, with

1
@y Pol P02 -1 Ik laAvA(4npav)6
m=_ﬁ(_+—_+2) Y B (49)
r Po2 Po1 o}

where 'a' is the thickness of the 'surface' and Av. is the difference between
the Alfven speeds on the two sides. Ionson interpreted w, as a damping rate,
but Lee (1980) pointed out that it is not correct to think of damping of a
normal mode, because there are no normal modes in this problem (unless a = 0).
Instead, the appearance of w, represents a readjustment of the system's energy
distribution. (Lee suggestslthat the situation is analogous to leakage of
particles out of a potential well, as in radioactive decay. w, represents the
leakage out of the well, but there is no net loss of particles%) The energy
flows into the surface. Steep gradients develop in the surface, and viscous
dissipation will eventually occur in a thin layer. It seems likely that the
dissipation in the thin layer will adjust itself to absorb the energy flow
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into the surface, as suggested by Ionson (1978). The problem with dissipation
still needs detailed study, but it may represent a promising mechanism for
converting wave energy into heat in many thin layers in the corona. (See also
Lee et al., 1983).

Summary

The corona is observed to move with velocities of 30 km s._l or so, rms.
Since most coronal motions obey hyperbolic equations, it is reasonable to
think of the motions as being waves.

If the motions are Alfven or Alfvenic surface waves, they can carry the
required energies into the corona. Some large fraction of the energy is
presumably reflected in the chromosphere and transition region, but theory
indicates that sufficient energy can be transmitted into the corona. Loop
resonances may play a special role in allowing energy to enter the active
region corona.

The problem is with the dissipation. Viscosity is the most promising
dissipation mechanism, but special conditions have to be fulfilled. The wave
energy must ultimately appear at sufficiently short spatial scales so that
viscosity becomes effective. Fast shocks may be suitable, since the shock
thickness automatically adjusts itself to yield the required entropy jump
across the shock. A turbulent cascade seems even more promising, but an
anisotropic compressive turbulence theory still needs to be formulated.
Surface waves may be yet another route by which the wave energy finds itself
at small enough spatial scales for viscous heating to be effective. But the
detailed analyses of these processes still need to be done.

Another area where more work is needed is the following: We have conceptu-
ally separated the coronal heating from the chromospheric heating. 2and we
have regarded the chromosphere and transition region as being fixed entities
which carry (and reflect) the waves. But the coupling between the chromo-
sphere, corona, and transition region may be an integral part of the entire
atmosphere's energy balance. And the coupling may be strong and dynamic. For
example, Hollweg (1981b) and Hollweg et al. (1982b) have argued that the
chromosphere and transition region may themselves be set into vigorous motion
as the waves propagate from the photosphere into the corona. (A possible
connection with the spicules has been noted by Hollweg et al. (1982b) and by
Hollweg (1982c).) It is not yet clear how this dynamic coupling affects the
ideas presented in this review.

Finally, we have been implicitly regarding the waves as non-impulsive. Yet
the observations discussed by Dere in this volume suggest the opposite: the
transition region moves violently and impulsively. What are the implications
of these observations for coronal heating? We have already mentioned that the
impulses could be shocks, but the issue is far from being resolved. These
oObservations demand further study.
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DIRECT CORONAL HEATING FROM DISSIPATION OF MAGNETIC FIELD

E. N, Parker
Department of Physics
University of Chicago
Chicago, Illinois 60637

ABSTRACT

It was pointed out some time ago by Rosner, Tucker, and Vaiana that the
visible corona of the sun appears to be heated by direct dissipation of mag-
netic fields. The magnetic fields in the visible corona are tied at both ends
to the photosphere where the active convection continually rotates and shuffles
the footpoints in a random pattern. We have shown that the twisting and wrap-
ping of flux tubes about each other produce magnetic neutral sheets in a state
of dynamical nonequilibrium such that the current sheets become increasingly
concentrated with the passage of time. Dissipation of the high current densi-
ties takes place regardless of the high electrical conductivity of the fluid.
We suggest that the work done by the convection on the feet of the lines of
force at the surface of the sun goes directly (within a matter of 10-20 hours)
into heat in_the corona. The rate of doing work seems adequate to supply the
necessary 107ergs/cmzsec for the active corona.

The preceding paper, by Hollweg, on coronal heating by waves provides a
sufficient introduction to coronal heating for the purposes of the present
paper. Here we are interested in the heat supply to the active corona, com—
posed of x-ray loops and filaments emitting a total energy of the order of
107ergs/cm?sec.

The convective motions in the photosphere supply a variety of magnetic
strains and fluid motions (MHD waves) to the solar corona, forming the basis
for the many ideas presently in vogue for coronal heating. Indeed, it would
be surprising if there was not some contribution from each of several classes
of waves. The problem is to establish the principal contribution, and that
brings us to the physics of the dissipation. The familiar viscous and resis-
tive effects yield characteristic dissipation times of 1*/» and 1%/ in field
structures with a scale 1 . Neither is adequate to provide significant dissipa-
tion of waves with scales of km or more. For instance, magnetic structures
with a scale of 103%km decay in periods of 10" years. Evidently something more
effective than passive diffusion of magnetic structures and wave motions must
be operating universally in the corona. Something very much more effective!

Now it has been known for a couple of decades that the corona of the sun
is particularly hot and dense in regions of strong magnetic field. The UV and
X-ray observations in recent years have established just how close this relation
really is. Rosner, Tucker, and Vaiana (1978), summarizing the observations and
the implications of the theoretical models of coronal loops, conclude that, for
various reasons, all sources can be ignored except direct conversion of “static"
magnetic energy into thermal energy. They suggest that the visible corona is
entirely a magnetic creation, supported, confined, and heated directly by the
magnetic field. And that brings us firmly up against the problem of the dissi-
pation of magnetic fields in the highly conducting gases of the solar corona.
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How can magnetic energy be converted directly and rapidly into heat?

In view of the high electrical conductivity (d = 10'®-10!7/sec) of the
coronal gas and the relatively weak fields (5 10? gauss), the only known means
for converting magnetic energy directly into heat is through concentration of
the magnetic strain VxB (i.e. the electric current } = /4n) Vx B) into thin
sheets. One can estimate that the current sheet must have a thickness of 1 km
or less if the resistive tearing mode is effective, or if sufficient plasma
turbulence can be generated by an electron conduction velocity comparable to
the ion thermal velocity, or 1 m or less if it is necessary to drive the elec-
tron conduction velocity as high as the electron thermal velocity to achieve
the necessary dissipation. So consider why electric currents (i.e. the magnetic
strains) might concentrate into exceedingly thin sheets.

The usual state of affairs in the magnetic regions of the solar corona in-
volves re-entrant fields arching up from the photosphere into the corona over
dimensions of 10%-10° km, with typical field strengths of 107 gauss. The fields
are rooted in the dense convecting gas of the photosphere which shuffles the
footpoints of the lines of force and causes the lines to wrap and wind about
their neighbors, as sketched in Figure 1. The basic physics of the situation is
contained in the topology of the winding pattern of lines of force, which is
more easily treated in the straightened configuration sketched in Figure 2.

The principal field may be taken to be uniform with strength B_ extending in the
z-direction from the anchor plane Z =~ to the anchor plane zZ=+L . The
surfaces g = 2 L represent the photosphere where the fluid shuffles about in
complex patterns, wrapping the lines of force around each other as sketched in
Fig. 2. So long as the scale | of the shuffling is sufficiently small compared
to the length L of the lines, the field direction deviates but little from the
z-direction and the change in the field from the original uniform B, 1is small.
One can write

B = ezB.-l-eb(‘J‘.r,Z) (1)
where €<«¢{.

To treat the simplest case, consider static equilibrium of the magnetic
field B in anincompressible medium of uniform density ©@ , so that the total
pressure in the fluid can be written F=1/23'2 , and the equation for equilibrium
reduces to

dnVP = (VxB)xB. (2)

Write P = Pe+ €P . It is then a simple matter to show that equilibrium
far removed (>>1) from the boundaries z = L is possible only for

2b/22 = O (Parker, 1972, 1979, pp. 359-391; Yu, 1973; Rosner and
Knobloch, 1982). That is to say, the winding pattern of the lines of force
must be invariant along the uniform field B, in the z-direction. If this con-
dition is not satisfied, one finds that the resulting dynamical nonequilibrium
takes the form of localized neutral point reconnection at various locations
throughout the field where the topology of the winding pattern changes. 1In
other words, the nonequilibrium involves the formation of current sheets whose
thickness declines with the Passage of time until dissipation, of one form or
another, becomes important. The transverse components of b that cause the
nonequilibrium are then "eaten" away by the dissipation at a rate v cm/sec,
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Fig. 1: A sketch of the field above a
bipolar magnetic region, illustrating
the wrapping of the lines

about their neighbors.

Fig, 2: A straightened field in which the
lines of force wrap in irregular patterns
about their neighbors.
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where

v

VA/an L v X VA/IﬂNn (3)
in order of magnitude (Parker, 1957, 1979, pp. 392-439; Petschek, 1964) where
V, 1s the characteristic Alfven speed computed in the transverse field b ,
and Ny is the effective magnetic Reynolds number lvk//fL . The resistive
diffusion coefficient A may or may not be enhanced by plasma turbulence, and
a local resistive tearing mode may become operative depending upon local con-
ditions.

One recognizes that the random shuffling of the footpoints of the coronal
fields must introduce transverse components b whose topology varies along the
field, causing that part of b to be dissipated directly into heat through the
familiar neutral point reconnection.

It can also be shown that any tube of flux that is displaced and misaligned
relative to its neighbors is dissipated through unlimited decrease of the trans-
verse dimension (Parker, 198la,b).

But what about the transverse field that is invariant along B A Y-
2B /22 = O ? Such fields are composed of twisted flux tubes that
extend uniformly from 2 ==L to 2=+ | . The equilibrium conditions are
well known. With V-g = O one writes

Bx. =+ DRy, B, = -0A/ox (4
Substituting into (2) yields the conditions

P=P(A), B, = B, (A)

so that
P+ B,/8r = F(A) (5)

where F~ is an arbitrary function of its argument. The vector potential is
then required to satisfy the field equation

VA + 4nF(A) = o. (6)

The fluid pressure is uniform along each line of force so that P is controlled
at the boundaries 2 =#®L , There are generally infinitely many solutions to
(6) for any reasonable choice of the arbitrary pressure function F (A), and
there are infinitely many reasonable choices for F(AQ) , so solutions to (6)
cover many field configurations. It is a curious fact, however, that all such
solutions possess special symmetries that are generally not honored in
nature. In fact, there is generally no equilibrium among more than two close-
packed twisted flux tubes, and then only if they are of opposite twist. Three
or more close packed twisted tubes produce neutral point recomnection (called
coalescence of islands in laboratory plasmas) which reduces the transverse field
A toward two opposite twisted tubes across the entire xy-plane (Parker, 1983a,
c), which we will explain in a moment.

Altogether it follows that the transverse field introduced by the shuffling
and rotation of the footpoints is dissipated directly, through neutral point
reconnection, into heat, whatever the topology of B, invariant or otherwise,
That is to say, the formation of thin current sheets is a natural consequence of
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the dynamical nonequilibrium of the field.

It follows that the heat input to the corona is equal to the average rate
at which the convection in the photosphere does work on the footpoints of the
magnetic field. Unfortunately the rate at which the convection does work on the
field is not easy to estimate, but it is generally believed to be as large as
the 107ergs/cmzsec required for active coronal regions (Sturrock and Uchida,
1981; Parker, 1983b). Remembering that the field is composed of isolated in-
tense flux tubes of some 1600 gauss at the photosphere, consider an active re-
gion where the mean field is 102 gauss, so that approximately one sixteenth of
the area of the photosphere is occupied by flux tubes of 1600 gauss. If the
transverse component in the mean field is, say, 20 gauss, then the transverse
field in the concentrated flux tube is of the order of 80 gauss. The transverse
Maxwell stress is then B, B, /dr = 10*dynes/cm®  in the concentrated tube at
the photosphere. If such a stress acts against fluid velocities of the order of
200m/sec, the rate at which work is done on the field is 2x10%ergs/cm’sec.

This occurs over one sixteenth of the area, so the mean rate at which work is
done is approximately 107ergs/cmzsec.

It would seem, therefore, that the visible corona can be understood as a
direct consequence of the shuffling and rotation of the solar magnetic field in
the photospheric convection, through the general dynamical nonequilibrium of the
resulting distorted magnetic field. We presume that this is generally the case
in all stars where a magnetic field extends into a tenuous atmosphere from a
dense convecting surface below. The dynamical nonequilibrium (i.e. the neutral
point reconnection) goes sufficiently rapidly in the tenuous atmosphere, where
Va 1is large, that the work done on the field by the convection is conve.ted
directly into heat. The x-ray corona, then, is the magnetic offspring of sur-
face convection.

But now let us go back to the assertion that close-packed twisted flux
tubes generally have no static equilibrium, in spite of the variety of solutions
to (6). The problem with the solutions to (6) is most readily demomstrated by
considering a solution to (6). To treat the simplest case, suppose that

4iFR)= c+ k*A*,

where ¢ and k are constants. Then (6) becomes

VA+2KkR =0. 7

The solution

A = Csmkx S‘l/\ )‘7 (8)

represents close packed flux tubes of opposite twist arranged in a checkerboard
pattern, The projection of the lines of force on the xy-plane is given by
Alx,y) = constant, sketched in Figure 3. Note that each twisted tube would be
circular in cross-section were it not squashed into a square cross—section by
the pressure of its four neighbors, all with opposite twist to the tube in ques-
tion. Each tube presses hardest against its neighbors at the middle of each
face, of course., The pressure F(A)is constant along each line of force, so the
pressure around the boundary of each cell is uniform. Hence, the deformation

into a square cross-section is carried out, not by the uniform pressure F{4),
but by the pressure of the transverse field ( B, B’ ).
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Fig. 3: The projection of the regular field (8) onto the xy-plane
showing the regular checkerboard pattern of opposite twisting.

Fig. 4: The same projection as shown in Fig. 3 with
one cell reversed so that it is surrounded by current
sheets (heavy lines).




Now consider what would happen if a flux tube were replaced by a tube of
opposite twist, as sketched in Figure 4., It would then be surrounded by four
neighbors with the same twist as itself, with the result that the transverse
field ( B, B, ) changes sign abruptly across each common boundary. Nothing
else but the sign of (B,,B,) is changed, of course, so that the equilibrium
condition (6) is satisfied everywhere except perhaps at the boundaries, Need-
less to say, the reversed tube is squashed into a square cross—-section by the
extra pressure exerted by its neighbors on each of its four faces. But that
pressure is not transferred across the boundary by the transverse field because
the transverse field passes through zero as it changes sign across the boundary.,
Hence, the extra pressure can only devolve upon the fluid, causing the fluid
pressure to be larger near the middle of each face. The higher pressure near
the middle of each face squeezes the fluid out from between the opposite fields
on either side of the boundary, expelling the fluid along the boundary into the
region around the vertices. It is just the familiar neutral point reconnection
scenario, of course, leading to coalescence of the transverse fields of neighbor-
ing tubes, as sketched in Figure 5,

The general principle is that no tubes with the same sense of twist can be
in equilibrium where they are pressed together over a common boundary of finite
length. The equilibrium solutions to (6) surround each cell with cells of op-
posite twist, permitting contact of cells with the same twist only at point
vertices. The fact is that in nature the twisted tubes are formed to sizes and
strengths that generally do not pack together with the necessary delicate bal-
ance at their vertices. They tend to mash together to form common boundaries
instead of common points, as sketched in Figure 6. And even if we imagine the
unlikely situation that all tubes have the same size and strength, all neatly
assembled in an alternate checkerboard pattern as sketched in Figure 3, we
should be aware that they would soon slip into the lower energy state of hexa-
gonal close packing, in which all vertices involve three, rather than four,
cells. Whenever three cells are packed together, at least two have the same
sense of twisting, providing neutral point reconnection on at least one of the
three common boundaries.

To express the problem in different terms, consider the common vertex of
three close-packed flux tubes., At least two of the tubes must have the same
sense of twist, with the result that they undergo neutral point reconnection on
their common boundary. The reconnection can be avoided, of course, if a fourth
flux tube with opposite twist is pressed in between the two with the same twist.
The difficulty is that the fourth tube must be pressed in between with just
enough force that it extends to the common vertex. If it fails to press in all
the way to the vertex, the two tubes with the same twist still have a common
boundary, with its nonequilibrium neutral point reconnection. On the other hand,
if it presses a little too far, then it finds itself with a common boundary with
the third of the original three flux tubes, which has the same sense of twist as
the fourth, and again there is nonequilibrium. The vertices shown in Fig. 6 il-
lustrate this problem, where the four-way junctions of cells are in fact made up
of two three-way junctions or vertices because the pressures in the four partic-
ipating flux tubes generally do not balance perfectly to meet only at a point
vertex. The fourfold (or sixfold, etc.) vertex necessary for equilibrium is
something that is achieved only in mathematical constructions, never in physical
constructions by chaotic nature.
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Fig., 5: A sketch of the magnetic lines of force
following neutral point reconnection across the
neutral sheets shown in Fig. 4.

Fig. 6: A sketch of the magnetic lines of force

of twisted flux tubes of various sizes and strengths
packed closely together, illustrating the common
boundaries of tubes with the same sense of twist.



The general absence of equilibrium for any close-packed collection of
twisted flux tubes of various strengths and sizes can be demonstrated in more
formal ways (Parker, 1983c,d,e). The present qualitative description is design-
ed to illustrate how the neutral point reconnection comes about. The basic fact
is that any close-packed wrapping of fields leads directly to neutral point re-
connection until the field is reduced to no more than two invariant tubes of
opposite twist. We suggest that this general dynamical nonequilibrium of mag-
netic fields is the basic source of heating in the active stellar corona.
The net result is that the work done by the fluid in shuffling the footpoints
goes more or less directly into heat in the fluid above.
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HRTS OBSERVATIONS OF THE FINE STRUCTURE AND DYNAMICS
OF THE SOLAR CHROMOSPHERE AND TRANSITION ZONE

Kenneth P. Dere
E. 0. Hulburt Center for Space Research
Naval Research Laboratory
Washington, D.C. 20375

ABSTRACT

Arc-second UV observations of the Sun by the NRL High Resolution Telescope
and Spectrograph (HRTS) have led to the discovery of dynamic fine structures
such as 400 km s~1 coronal jets and chromospheric jets (spicules) and have
provided new information about the structure and dynamics of the transition
zone. These observations are reviewed and their relevance to the origin of the
solar wind is discussed.

Introduction

Recent results derived from UV observations of the solar chromosphere and
transition zone made by the NRL High Resolution Telescope and Spectrograph (HRTS)
are presented here. These observations have an inherent interest since they
are made with the highest spatial resolution yet obtained in the UV and show the
first UV observations of solar fine structure. They are also of specific
interest to this conference since the solar wind and many of its disturbances
presumably originate somewhere near the solaxr surface. The HRTS instrument
consists of a Cassegrain telescope which focuses a solar image with 1 arc-sec.
resolution onto the slit jaw of the spectrograph which produces stlgmatlc photo-
graphic spectra of the 1000 arc-sec. long slit in the 1175-1710 A wavelength
range. To date, there have been four rocket flights of the HRTS instrument
(referred to as HRTS 1-4) and it is scheduled to be flown on Spacelab 2.

The Chromosphere

Figure 1 shows some of the general properties of the quiet Sun in the HRTS
spectra. On the left is a spectroheliogram obtained in Hx by Sacramento Peak
Observatory essentially simultaneously with the HRTS spectra obtained during
the third flight. The He image consists of dark absorption features, the dark
mottles, which outline the supergranulation cells. Also indicated is the
position of the HRTS slit and the corresponding stigmatic spectra in lines of
c1I (104 K), Si II (2 x 104 K) and C IV (lO5 K). All three ions show intense
emission where the slit crosses the supergranular cell boundaries although the
C IV emission appears in some cases to be shifted towards the limb. This is
consistent with limb brightening curves which show C IV to be produced 4 arc-
sec. above the photosphere. An absolute wavelength scale can be determined
from the narrow Si I lines in the vicinity with a accuracy of about 2 km s~1,

Examples of small scale structures observed in the HRIS spectra are shown

in Figure 2. Here, a short segment of HRTS 1 C IV and C I spectra near the
limb are displayed. At the top of the C IV spectra is a coronal jet with line

33



IS
10

A D

"%

R o
- A - e
s WP OV

~ o

f"

o -
e <8 3n
» men O - -

Pt ety —anuipup
Lt

9csal
] 8
8talL
0sSL
09s1L

HRTS
SLIT

Figure 1. HRTS spectra of Si II, C IV, C I and an He spectro-
heliogram at the limb of the solar south pole.

of sight velocities of 200 km s™1 and projected radial velocities of 400 km s,
Shifts to the left are blueshifts and are caused by plasma moving toward the
observer or away from the Sun. Near the bottom of that figure is a "turbulent”
event characterized by wide, symmetric C IV profiles which are produced by random
nonthermal velocities on the order of 150 km s~1. 1In the C I spectra, at least
six chromospheric jets are seen as emission features in the line wings which are
caused by plasma moving at 10-20 km s”l, 1t is interesting to note that the
coronal jet and turbulent event seen in C IV have no noticeable cospatial signa-
ture in the C I profiles and the chromospheric jets seen in C I both occur where

the C IV intensity is quite low. This is true for the particular events seen in
Figure 2 and in general.
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Figure 2. Examples of fine structures observed in HRTS spectra:
coronal jets, turbulent events and chromospheric jets

(spicules).

Spicules, which play a important role in the convective transport in the
solar atmosphere, have been seen in visible light above the solar limb for
over a hundred years. They are slender iets of gas which are observed to rise
and often fall at a velocity of 25 km s™', However, there has never been an
identification of spicules with any known phenomenon on the disk although it is
often assumed that they are the dark Ha mottles. We now believe there is
sufficient evidence to identify the chromospheric jets seen in Figure 2 as
spicules on the disk (Dere, Bartoe and Brueckner, 1983).

Typically the chromospheric jets (spicules) have a size of 1-2 arc-sec.
projected along the slit and twice as many blue shifted (rising) events are
seen as the weaker redshifted (falling) events. It is possible that with greater
sensitivity we would see equal numbers of the two. The chromospheric jets can
be seen in other lines of C I such as the allowed multiplet at 1657 A and
the intercombination lines near 1613 A as well as in lines of other chromo-
spheric ions such as Si I, Si II and S I. However, they are not seen in
lines of somewhat hotter ions such as C II or Si III and as we have previously
noted, C 1V is often extremely weak at the sites of chromospheric jets. Clearly
they are exclusively a chromospheric phenomenon. Spicule profiles of the C I
1560 A lines are shown in Figure 3 as well as nearby nonspicular profiles for
comparison. The spicular emission peak is shifted to the blue by .05 to .1 A
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Figure 3. The profiles of the C I lines near 1560 A in a spicule.
The arrows indicate the observed average wavelength of
the three lines (blends) made up of the five C I lines
labelled A through F.

corresponding to line of sight velocities of 10 to 20 km s~! and shows no self
reversal as do more typical nonspicular profiles. From the intensity and lack
of self absorption in these profiles a temperature of 1.6 x 10% K and density
of 101! cm~3 are derived. These are comparable to what is found from visible
light observations.

Many observers have come to believe that the dark H® mottles observed on the
disk should be identified with the spicules seen at the limb although a study of
He mottle profiles (Grossmann Doerth and v. Uexkull, 1971) shows that the
velocities in the mottles are significantly lower than those in spicules. This
same study did find region of 20 km s~! flows but only in "quite unconspicuous,
little gray features” which were not considered important. Our own observations
confirm the low velocities in the supergranular cell boundaries where the mottles
are found. The chromospheric jets (spicules), while not as bright as the network
emission, are nevertheless quite conspicuous in the ultraviolet spectra. The
chromospheric jets are generally unrelated to the dark Ho& mottles.

In conclusion, we confirm many of the known physical properties of spicules
derived from ground-based observations as is to be expected. The surprising
new result is that spicules occur in the supergranulation cell interiors and
not at the boundaries where the strongest magnetic fields tend to be clustered.
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The Transition Zone

The two strong C IV lines near 1550 A are our primary diagnostics for
the transition zone. Both lines are formed around 10° K and are optically thin
on the disk. The regions viewed by the HRTS 3 slit include the limb above a
polar coronal hole which extended up to a latitude of 50°, mostly quiet Sun and
a filament near Sun center. We quantify the information in the profiles by
taking moments of the wavelength weighted by the specific intensity. In this
way we derive the integrated line intensity, the net Doppler velocity and the
line width. These three quantities are shown in Figure 4 for HRTS 3 data along
the entire slit. Some of the more intense regions, such as the limb, are over-
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Figure 4. Intensity (er§ sl sr~l), velocity (km s~1) and
line width (A%) for C IV Al1548 and Al550 as a
function of position along the slit.

exposed and are not plotted. The limb defined by the continuum is near an
indicated height of 17 arc-sec. Again, the regions of high C IV intensity
generally pick out the chromospheric network although there is no strong point
for point correlation with C I intensities which also pick out the network.

In fact, from their respective autocorrelation coefficients for line intensity,
the C IV transition zone structures have a typical size of 1.5 arc-sec compared
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to 8 arc-sec for the C I chromospheric structures. Preliminary two-dimensional
images in C I and C IV show this large scale relationship (the network) between
the two but show little similarity in the small scale features.

The line of sight velocities displayed in Figure 4 are predominately away
from the observer and from this one can conclude that the transition zone
consists of material generally falling toward the solar surface. The velocity
data, as summarized in Figure 56 do show some regions of upflows but the

average Doppler shift is 0.028 A which corresponds to a downflow a 5.4 km s71
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Figure 5. Relative frequency of occurrence of the C IV
Doppler shifts.

at disk center. We emphasize that our velocity scale is relative to the nar-
row chromospheric Si I lines and should be accurate to 0.01 A or 2 km s~1,
Above the limb redshifts are also seen, An examination of these C IV line
profiles shows that their peak is near the rest wavelength and the derived
redshift is due to the greater strength of the red wing as compared with the
blue. As we noted, a polar hole extended up to a latitude of about 50°

during the HRTS 3 flight. This latitude corresponds to a relative position of
240 arc-sec on Figure 4. There is no sign of major large scale outflows in
the transition zone of this polar coronal hole. Using a wavelength scale
referenced to chromospheric lines, Doschek, Feldman and Bohlin (1976) also
find little evidence for outflows in coronal holes. Rottman and Orrall (1982)
show a relative blueshift between coronal holes and other solar regions but in
the light of the above results, it is not clear that this can be interpreted as
an absolute blueshift in coronal holes.
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al. 1976 and Gebbie et al. 1981) have found that regions of downflow are
correlated with regions of high intensity.
correlation between these two quantities as presented in Figure 6.

LOG INTENSITY

Previous studies of the transition zone at lower resolution (Lites et
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examined in detail.

The line width data shown in Figure 4 reveal
events along the slit which consist of both the jets and the turbulent
events, examples of which were displayed in Figure 2.
(1983) provide a detailed anlysis of the jets and turbulent events.
more typical profiles have a line width which requires turbulent or nonthermal

VELOCITY C(KM/SD

Figure 6. A scattergram of C IV intensity versus C IV
velocity near Sun center,

scale sense, there are certainly some bright regions which show strong down-
flows but this relationship breaks down in general and when these regions are
An autocorrelation analysis also shows that the size of
the bright C IV regions is around 1.5 arc-sec. and the 3 arc-sec. size of the
flowing structures is significantly larger.

a number of wide profile

Brueckner and Bartoe

28.

Even the

39



velocities on the order of 21 km s™! together with thermal broadening to
explain the observed width. The rise in the line width toward the limb is due
to the integration over an increasingly larger number of flow fields.

Turbulent velocities in the turbulent events range from 50 km s~! to
250 km s~1. Most of these events occur only once but some of the larger ones
are observed to reoccur at the same position in our 4 minute observing time.
Size scales are often at the instrumental resolution (1 arc-sec.). They are
seen in lines spanning the temperature range 2 x 104 to 2 x 105 K although ap-
parently similar events have also been observed in coronal (2 x 106 X) lines in
the Skylab data.

A time history of one of the more spectacular jets is shown in Figure 7.
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Figure 7. A time sequence of coronal jets observed in C IV.

This particular jet, seen as the strongly blue shifted emission in C IV Al548,
appears four times at the same location during a four minute rocket flight.
The maximum velocities which reach 400 km s~1 are consistent with an
acceleration of 5 km s~2 that persists throughout the observed lifetime. The
jets contain material over a wide range of temperatures (2 x 104 - 2 x 10° K).
One interpretation is that of a magnetic loop being expelled outward through
the solar atmosphere. The Ha slit jaw pictures do not show any feature that
might correspond to the jets.
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The time sequence of C IV spectra in Figure 8 shows numerous examples of a
less spectacular but more prevalent sort of jet. These have maximum velocities
of from 80 to 150 km s™! and often have both blueshifted and redshifted com-
ponents. Their size is generally near the instrumental resolution.

cos

BR ,H’luv'
bibiidiidt

Figure 8. A time sequence of C IV spectra showing numerous
100 km s~ jets.
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Origin Of The Solar Wind

The solar wind has an associated mass flux of 2 x 1012 ¢ s~1 which must
be present at chromospheric and transition zone levels and should be observable
with suitable instrumentation. In the chromosphere the only significant
vertical flows that we observe are in the spicules; about 2/3 are outflows and
1/3 downflows (since the downflows are less intense, it is possible that there
are equal numbers of each). Roughly only one in 10 spicules produces a
measurable blueshift in the transition zone. From a density of 1010 cm“3, a
velocity of 25 km s—1 and a fill factor of 2%, the average outward mass loss
in spicules observed at transition zone temperatures is 2 x 1013 g s~l, an
order of magnitude above solar wind requirements._ The downward mass flow in
the transition zone for a_pressure n, T, = 10*°cm™> K and a velocity of
5 km s~1 is 5 x 1014 g s~l. This latter figure assumes a fill factor of
unity which rests on the interpretation of the transition zone as an extremely
thin (20 km) layer. Since most high resolution spectroheliograms of the upper
chromosphere and corona show the ubiquitous presence of filamentary structures,
it is likely that the transition zome has a similar consistency. In that case,
i1l factors of 0.1 can be derived and the downward transition zone mass flow
is reduced to 5 x 1013 ¢ s~l still an order of magnitude above the solar wind
value.

The are two ways to consider these order of magnitude mass flow estimates.
First, the origin of the solar wind can be explained with only small changes
in these very rough numbers, so that the transition zone downflows return the
spicular mass not needed to sustain the solar wind. The second approach is to
say that the spicule upflows and transition region downflows constitute a
closed circulation system with no mass flux available for the solar wind. It
is perhaps even more likely that the spicules themselves produce no net mass
transport. In this case we must look elsewhere. The HRTS data suggest the
jets as likely candidates (Brueckner, Bartoe and VanHoosier, 1977).

An upper limit on the mass in one of the numerous 100 km sl jets is about
3 x 108 g. The birthrate for these jets is 170 s~1 on the solar surface and
the consequent mass loss is about 5 x 1010 ¢ s~1 which is much less than that
in the solar wind. The mass content in the large 400 km s~1 jet seen in
Figure 8 is estimated to be 2 x 1011 g. During three rocket flights, a total
of six large jets have been observed. In the third flight which had the
greatest spatial coverage, only one of the large jets was observed and a rate
of 4 jets per second on the entire solar surface was derived. Observations of
jet-like structures in C IV spectroheliograms above the limb indicate that on
the entire solar surface, iets occur at the rate of 5 s~l, Thus the mass loss
due to the large 400 km s™! jets is 1012 g s~l, which is quite close to the
mass loss of the solar wind. The kinetic energy released in these jets is
3 x 1028 erg sl which is higher than the total energy flux in the solar wind
at the Sun. Thus, there is sufficient mass and energy in these high speed
jets to supply the solar wind. Such a non-steady source would imply highly
variable solar wind parameters, especially near the Sun.
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X~RAY OBSERVATIONS OF THE SOLAR CORONA

L. Golub
Smithsonian Astrophysical Observatory

X-ray observations of the Solar corona during the past two
decades have shown the fundamental importance of closed loop structures
in determining x-ray emission properties. We summarize the major
observational facts relating inner coronal structure and brightness
to the emergence and subsequent diffusion of surface magnetic fields,
including the formation of coronal holes and their relation to high-
speed Solar wind streams. The small size scale end of the emerging
magnetic flux spectrum, known as x-ray bright points, dominates the
magnetic flux emergence process and may be related to the existence
of polar plumes. Flares in bright points are known to be linked to
macrospicule events in the XUV and Ha. We will also show a movie of

the x-ray corona as seen from Skylab, covering eight Solar rotations
at time resolution down to 90 seconds.
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SPECTROSCOPIC MEASUREMENTS OF SOLAR WIND GENERATION

John L. Kohl, George L. Withbroe, Carlos A. Zapata
Harvard-Smithsonian Center for Astrophysics, Cambridge, MA 02138

and

Giancarlo Noci
Istituto di Astronomia, Universita di Padova, Padova, Italy

ABSTRACT

Spectroscopically observable quantities are described which are sensitive
to the primary plasma parameters of the solar wind's source region. The method
is discussed in which those observable quantities are used as constraints in
the construction of empirical models of various coronal structures. Simulated
observations are used to examine the fractional contributions to observed spec-
tral intensities from coronal structures of interest which co-exist with other
coronal structures along simulated lines-of-sight. The sensitivity of spectro-
scopic observables to the physical parameters within each of those structures

is discussed.

I. TINTRODUCTION

High resolution spectroscopic measurements of UV, EUV and XUV radiation
from the extended solar corona can provide highly constrained empirical models
of the coronal plasma structures that produce solar wind. New spectroscopic
diagnostic techniques are being developed to specify electron temperatures and
densities, ion velocity distributions and densities, outflow velocities of
;oronal particles into the solar wind, chemical abundances and vector magnetic

ields.

Although spectroscopic measurements are somewhat less straightforward to

interpret than Zn situ measurements, their use in astrophysics and in controlled

thermonuclear research is well established as a powerful means of determining
the properties of plasmas that may not be amenable to in gitu techniques. The
usual approach for interpreting spectroscopic data is to develop a model of the
plasma of interest that is constrained by the values of observable quantities.
Ideally, each observable is sensitive to and governed by a specific plasma
parameter (e.g. a spectral line profile that is primarily controlled by the
velocity distribution of the corresponding particle species). Empirical models
that are used to specify plasma parameters and their spatial variations are
relatively unconstrained by theory, take into account the basic physics of
spectral line formation, and treat the line-of-sight contributions in a self
consistent manner. Such models do not depend upon, nor specify, the physical
processes that may be operating within the plasma such as the energy and
momentum transport and deposition mechanisms. The model is an empirical de-
scription of the observed plasma and specifies throughout the plasma structure,
the local values of the basic plasma parameters (e.g. particle velocities and
densities). To establish a high level of confidence in a model it is necessary
to determine a large number of partially redundant observational constraints
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which are sensitive to all of the primary plasma parameters and to reguire the
model to reproduce all of the measured spectroscopic quantities.

Once the derived plasma parameters are specified in this way, they can be
introduced into more sophisticated models which contain a theoretical descrip-
tion of probable physical processes that may be responsible for maintaining the
properties of the plasma of interest. These models inevitably lead to an im-
proved understanding of the physics of the observed plasma because the empirical
constraints result in the rejection of candidate physical processes whose
presence would be inconsistent with the observations. With an increasing number
of empirical constraints, the range of possible physical models is narrowed and
a meaningful understanding of the nature of the plasma of interest can be
established.

In the case of the solar wind acceleration regions of the solar corona,
empirically derived knowledge of plasma conditions has been extremely limited,
and, hence, energy and momentum deposition processes as well as the principal
mechanisms for energy and momentum transport (other than radiation and thermal
conduction) have not been identified. Spectroscopic measurements of open and
closed magnetic structures of the extended corona and detailed modeling can help
to establish the identity and magnitude of transport and deposition processes
operating in representative coronal structures, thus improving the understanding
of the physics of solar wind acceleration and determining the role of different
types of coronal structures in the production of the solar wind. Observations
of a broad range of ionic species in different structures may help to explain
abundance enhancements that have been observed in solar wind streams at 1 AU
(Hirshberg, 1975). Improved knowledge of the physical conditions in the solar
wind acceleration region may also lead to a better understanding of interactions
between magnetic fields and low density flowing plasmas, both for steady-state
flow and coronal transients.

The spectroscopic techniques that we are developing to study the physics of
the source regions of the solar wind have been described elsewhere (Kohl and
Withbroe, 1982; Withbroe et al., 1982a) and will be only briefly identified here.
The primary purpose of this paper is to discuss the approach that is being used
to interpret the observations; in particular, the analysis of the line-of-sight
contributions to the emergent coronal intensities and the sensitivity of speci-
fic observables to the plasma parameters of representative coronal structures.
The final section includes a brief summary of our initial ultraviolet spectro-
scopic measurements of the extended corona from sounding rockets and our plans
for more extensive measurements.

II. SPECTROSCOPIC DIAGNOSTICS

The spectroscopic diagnostics that we are developing for the solar wind
acceleration region of the extended corona (radii >1.3 Ro from sun center)
make use of information contained in measurements of the intensities and pro-
files of spectral features in the UV, EUV and XUV wavelength ranges. Because
the particle densities in the extended corona are low, the thermalization and
ionization equilibrium times are long and, hence, the various particle species
such as electrons, protons and other jons have velocity distributions that are
not characterized by the same temperature and have ionization distributions
that are frozen-in at various heights. Several physical processes that have
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been suggested as possibilities for energy and momentum transport (e.g. Alfvén
and MHD fast mode waves) affect in characteristic ways the particle velocity
distributions as a function of height. A knowledge of the velocity distribu-
tions of particles of unlike mass would help to distinguish thermal velocity
components from nonthermal velocities due to energy and momentum transport
processes (e.g. the transverse velocities of propagating waves). If the large
number of plasma parameters required to describe the solar wind acceleration
region are to be studied spectroscopically, it is necessary to measure a diver-
sity of spectral features that are sensitive to the velocity distributions and
densities of each of the major and some minor constituents of the solar wind
plasma, and also to measure spectral quantities that are sensitive to a broad
range of outflow velocities. In order to understand the role of the coronal
magnetic fields, it would be extremely advantageous to determine coronal values
of that quantity.

A meaningful representation of a coronal plasma must include, among others,
descriptions of the behavior of the two major constituents, the protons and the
electrons. The electron density has traditionally been determined from observa-
tions of electron scattered visible light and this continues to be the best
method. A measurement of electron density together with the plasma neutrality
condition and an estimate of the chemical abundance and ionization balance of
helium permit a straightforward determination of proton density in a model.

Random Velocity Diagnostics from H I Lyman-o

Measurements of the line profiles of resonantly scattered and electron
scattered H I Lyman-0 radiation in the corona are very sensitive to the velocity
distributions of the protons and the electrons, respectively. The resonantly
scattered component depends upon the scattering of chromospheric Lyman-a
photons by neutral hydrogen atoms in the corona. Even though the ratio of
neutral hydrogen to free protons is about 10~7 at coronal temperatures and
densities (Gabriel, 1971), the large coronal proton abundance coupled with the
high intensity of the chromospheric Lyman-0 radiation gives rise to a coronal
resonantly scattered component of Lyman-0 that is strong enough to be measured
out to large distances above the solar surface. The formation of the resonantly
scattered Lyman-0 line has been described by Gabriel (1971), Beckers and Chipman
(1974) and Withbroe et al. (1982a). Because the tenuous coronal plasma is
optically thin to ultraviolet radiation, an observed Lyman-o profile is a direct
measurement of the run of H I velocities along the line-of-sight. This velocity
distribution includes the thermal motions, nonthermal motions such as the trans-
verse velocities of propagating waves and the components of the outflow veloci-
ties along the line-of-sight. Since the thermal velocities of hydrogen at
coronal temperatures are relatively large (160 km s~! for a thermal temperature
of 1.5x10° K), thermal motions are expected to be a major contributor to
coronal H I velocity distributions.

The profile of the resonantly scattered component of H I Lyman-a is also a
measure of the velocity distribution of protons in regions where the coronal ex-
pansion time is much longer than the characteristic time for charge exchange
between hydrogen atoms and protons. For r <8 R, in quiet coronal regions and
r <3 R, in low density coronal holes, the proton and hydrogen velocities are
expected to be nearly identical and, hence, the profile of the resonantly
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scattered H I Lyman-0 line can be used in models to constrain both the H I and
proton velocity distributions (Withbroe et al., 1982a).

The electron scattered component of the coronal H I Lyman-a line is much
weaker (by about 3 orders of magnitude) than the resonantly scattered component
and has a FWEM %50 & compared to the ¥1 A width of the resonantly scattered pro-
file. It is produced in the corona by Thomson scattering of chromospheric H I
Lyman—0. radiation. The formation of electron scattered Lyman-o has been dis-
cussed by Withbroe et al. (1982a). Calculated profiles provided in Figure &4 of
that reference show that the shape of the profiles are very sensitive to the
velocity distribution of coronal electrons. The line profile of the electron
scattered radiation is a stronger function of the scattering geometry than is
the resonantly scattered profile.

Random Velocities and Densities from Other Lines

Profiles of the spectral lines of ions such as C IV, NV, O VI, Ne VIII,
Mg X, Si XII, Fe XII and He II which should be observable in the corona out to
r =3 to 5 Ry, can yield information on the velocity distributions of those
particles (Kohl and Withbroe, 1982). For most of the UV, EUV and XUV lines,
the emergent intensity is a combination of collisionally excited and resonantly
scattered components. For ions that are more massive than H I, the thermal com-
ponent of the velocity distribution in the corona is not expected to be as large
as for hydrogen. Hence, the profiles of those systems are expected to be sensi-
tive to nonthermal velocities and, in the case of the more massive species, to
be dominated by them. The ability to distinguish between thermal and nonthermal
velocities is probably the key to discovering the identities of energy and

momentum transport processes that are expected to impart characteristic veloci-
ties to the coronal ioms.

It is highly desirable to determine the relative intensities of the colli-
sionally excited and resonantly scattered components of a spectral line because
the former component is sensitive to the density of the corresponding ion and
the latter to outflow velocity. In the case of Li-like resonance lines (Kohl
and Withbroe, 1982), the respective contributions from each mechanism can be de-
termined from the ratio of the intensities of the 2s 'S;, - 2p %P3/, and
2s 1S1,2 - 2p 2P1/zfine structure lines (e.g. O VI A1032 and X1037{. For the
case wéere the resonantly scattered components of the lines are being pumped by
radiation from identical ions in deeper layers of the solar atmosphere, the
resonantly scattered components will have a 4:1 ratio while the collisionally
excited components of the lines will have a 2:1 ratio.

Outflow Velocity Diagnostics

The intensity of the resonantly scattered component depends upon the number
of particles along the line-of-sight that are capable of scattering radiation in
the spectral line and upon the intensity of the incoming radiation. The inten-
sity of scattered photons is a function of the net outflow velocity of coronal
scatterers. This can be understood by considering a static atmosphere where
the central wavelength of the coronal scattering profile is identical to that
of the incoming radiation and the case of an outflowing plasma where the in-
coming radiation is red-shifted off the center of the scattering profile. 1In
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the former case there will be a maximum amount of resonant scattering and in the
latter, the amount of resonant scattering will decrease with increasing veloci-
ty. Notice that spectral lines of unlike widths are sensitive to different
ranges of outflow velocity. This intensity dependence, termed Doppler-dimming
(Hyder and Lites, 1970; Beckers and Chipman, 1974), provides the sensitivity of
observable quantities that is needed to constrain the values of outflow veloci-
ties in a model of an observed coronal structure. In Figure 1, we see that the
H I Lyman-o line is sensitive to flow velocities greater than 100 km s~ ! while
the O VI 11032 line is sensitive to velocities in the 30-100 km s~} range and
the other lines are sensitive to somewhat larger velocities.
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L A The Doppler-
dimming of the O VI
DOPPLER DIMMING - 1line at 1037.587 &
J 1s particularly inter-
esting because the
resonantly scattered
4 component of this
line can be pumped
1 either by O VI A1037
i radiation from deeper
atmospheric layers or
1 by the C IT line at
] 1037.018 R (Noci,
Kohl and Withbroe,
Hixi21e . 1983). Pumping by
the latter line
~ occurs when the out-
" | ! .
100 200 300 flow velocity is
VELOCITY (km s : large enough that the
incoming C IT profile
Figure 1. Doppler dimming calculated as a function is red shifted in the
of flow velocity for the resonantly coronal ion rest
scattered components of several spectral lines. The frame by an amount

solid O VI curve applies to both the A1031.766 and that is large enough

A£?37.587 lines. For velocities greater than 120 km
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S °, the resonantly scattered intensity of A1031.766 i to make the.incomlng
approaches zero, but the 11037.587 & intensity begins C II radiation pro-
to increase due tQ pumping by the chromospheric C IT file and the 0 VI
line at 1037.018 % as indicated by the dashed curve. 21037 scattering pro-

file overlap. The
dashed line in Figure 1 shows the effect of the C IT line on the velocity depend-
ence of the O VI 31037 line. Because of this effect, the ratio of the intensities
of the coronal O VI 311032 and A1037 lines as a function of radial height in the
corona provides a very useful diagnostic of coronal outflow velocities that is
illustrated in Figure 2. At low heights where velocities are small, the coronal
0 VI lines are formed by both resonant scattering from incoming O VI radiation
and collisional excitation and the ratio is between 2 and 4. As the velocity
increases with height, the resonant scattering of incoming O VI radiation is
Doppler-dimmed in both the A1032 and A1037 lines and C II pumping of the )\1037
line begins to decrease the A1032/A1037 ratio. At p = 1.5 the A1037 resonantly
scattered intensity from O VI and C II pumping are about equal. At even greater
heights, the resonant scattering component of the A1037 line due to C II begins
to dominate and the ratio becomes very small. At larger heights where the velo-
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v (km s city is large enough to shift
21 84 184 230 280 325 the C II line beyond the O VI
T T T T ' T A1037 line, only the collision-
al components remain and the
ratio again becomes 2.
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S Magnetic Field Diagnostics
Bzo-— -
=< Of all the physical quan-
=} tities that describe the ex-
5 tended coronal plasma, the

1.0 - -

magnetic field may be the most
significant, but also it is one
of the most difficult to meas-
] i L 1 L 1 ure. The magnetic field _
1.0 2.0 3.0 4.0 appears to influence strongly
R/Ro the structure of the corona

Figure 2. Calculated ratio of the intensities and its outward extension into

of the 0 VI A1032 and A1037 lines as the helj_osphere. The Strength
a function_of height for the indicated coronal gn4 configuration of the mag-
hole velocities of Munro and Jackson (1977). netic field in the low corona

(r s 1.5 Ro where the magnetic pressure generally exceeds the gas pressure)
appears to control the location, size and shape of coronal holes and streamers.
At greater heights the coronal magnetic field is swept into interplanetary space.
The spatial variations of coronal densities, and most likely other plasma param-
eters such as temperatures, also appear to be strongly influenced by coronal
magnetic fields which can channel energy carried by waves and/or electron ther-
mal conduction. In addition, -solar flares and coronal transients probably have
magnetic origins. A possibility to use the Hanle effect (Hanle, 1924; Mitchell
and Zemansky, 1934) for magnetic field diagnostics in astrophysics was original-
ly suggested by Hyder (1965). Quantitative approaches have been described more
recently. In particular, Bommier and Sahal-Brechot (1982) have computed the
effect of a magnetic field on the linear polarization of resonantly scattered

H T Lyman-a. Coronal Lyman-0, which has been observed out to 3.5 R, using
coronagraphic techniques (Kohl et al., 1980), is polarized in the absence of a
magnetic field. The Hanle effect is the modification of this linear polariza-
tion, due to the presence of the magnetic field. Bommier and Sahal-Bréchot pro-
vide analytical formulae which describe the Hanle effect for H I Lyman-a. In
principle, those formulae could be used in models to specify the degree of polari-
zation and the polarization direction of H I Lyman-¢ for a given coronal magnetic
field configuration. Although the H I Lyman—0. line is only sensitive to fields
greater than about 6 gauss, other members of the H I Lyman series are sensitive
to smaller fields.

III. SENSITIVITY OF OBSERVABLES AND LINE-OF-SIGHT EFFECTS

For the purpose of discussing the line-of-sight contributions to the spec-
troscopic observables and for demonstrating the sensitivity of those observables
to the basic physical quantities which describe a coronal structure, we use a
model which specifies the temperatures, densities and outflow velocities of the
electrons and protons as a function of height in several coronal structures that
can be located at selected positions along the line-of-sight of a simulated
observation (see Figure 3). With this model the contributions to the spectral
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line intensity profile of H I Lyman-o
are calculated for volume elements
CORONAL along the line-of-sight. All outflow
HOLE QUIET velocities are taken to be directed
> radially outward. Neutral hydrogen
atoms are assumed to behave identically
to the protons and the ionization
balance of hydrogen is taken from
Gabriel (1971). Only observations of
H I Lyman-o are considered here, al-
though the line-of-sight effects for
observations of ions would be similar.

QUIET

For models of coronal holes, we
> use Allen's (1963) electron density
gradient for a polar region at solar
minimum. For each of the two coronal
holes that are discussed, we adopt an
absolute scale which is chosen to be an
integral multiple of Allen's absolute
Figure 3. The geometry of simulated scale. The resulting dens%ties are
observations of a coronal Youghly based on the empirical values
hole surrounded by quiet coronal of Munro (1983) for coronal holes of a
regions and of a coronal streamer . similar size. The outflow velocities
are taken to have the radial dependence
given by Munro and Jackson (1977) with an- absolute scale that is a specified mul-
tiple of their values. The electron temperature is taken to have a r~ 7 depend~
ence and the absolute scale is normally taken from Withbroe et al. (1982a, Figure
11). Their values of electron temperature (e.g. 1. 5%10° Kat r = 1.76 R,) were
estimated from ratios of the H I Lyman-0¢ and white light intensities. The ratios
depend upon the ionization balance of hydrogen which is primarily a function
of electron temperature. The proton and hydrogen random velocity distributions
are assumed to be Maxwellian and to be characterized by the H I temperatures
given by Withbroe et al. (1982a, Figure 11) who based their values upon measure-
ments of H I Lymaﬁ:a<5;bfiles. In some cases, we specify an incremental change
in the temperature.

STREAMER

For models of quiet coronal regions, the electron densities are Allen's
values for an equatorial region at solar minimum; the outflow velocities are
calculated assuming conservation of mass flux in spherical symmetry with 100 km
s " at 4.5 R, the electron temperature is normally taken from Withbroe et al.
(1982b, Figure 7) and the proton and hydrogen random velocity distributions are
from the same source. The streamer model is similar to that of the quiet corona
except the electron densities are taken to be 5 times Allen's (1963) equatorial
values for solar minimum.

Basic Geometry of Simulations

The geometry of the simulated observations is shown in Figure 3 where the
plane of the figure lies at a position angle of 90° (i.e. the apparent equatorial
plane). The height of observation p is the radial height in solar radii where
the line-of-sight intersects the '"plane of the disk" (i.e. the plane which is
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perpendicular to the line-of-sight and passes through sun center). Angles 0
are measured from the line-of-sight to radial lines passing through specified
locations in coronal structures. Observations of several coronal structures
were simulated for the present study but most of the following discussion re-
fers to the line-of-sight and coronal structures shown in the upper half of
Figure 3. The structure of interest there is the coronal hole with radial
boundaries between it and two quiet coronal regions. The O angle of the axis
of symmetry is 90° and the boundaries are at +30° from the center line. This
is a typical polar coronal hole for the declining phase of the cycle and is
similar to one we observed

during our July 20, 1982 8 (degrees)
rocket flight (Kohl et al., 140 130 120 110 100 90 80 70 60 50 40
1982). Broader holes are | I T AN I A N T T T

commonly found nearer to
solar minimum (e.g. the 1973
polar coronal hole that was
described by Munro and Jackson 30
(1977) had boundaries at *70° 0
from its center line). Smaller r
coronal hole-like structures
also exist, especially in
polar regions near the time 20k i ! i
of solar maximum. We observed : i
a region on February 16, 1980
that had boundaries of about
+15° from its center line.

A similar structure is con-
sidered in Figure 4 and in

the related discussion. The
geometry of a simulated r ==
streamer observation is
shown in the lower half of !
Figure 3. The streamer e T
has cylindrical geometry
with the axis of symmetry
at angle 6. Radial lines
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LINE of SIGHT (solar radii)

: _ Figure 4. Contributions to observed intensities of

passing through the bound H I Lyman-o for volume elements of 0.2 R

aries of the streamer at lengths which are located along the line-of-sight.

r = 1.5 Ry would subtend Curves are plotted for simulated observations of a

an angle of 18°. The streamer spherically symmetric corona (dash), a 60° coronal

is surrounded b uiet corona. hole (solid line), a 30° coronal hole (dots) and a
¥4 streamer at 6 = 90° (dot-dash).

Fractional Contributions of Structures Along Line-of-Sight

If a spectroscopic observable is suitable for constraining the local values
of a physical quantity in a model, then the contribution to that observable from
the coronal structure of interest should be significant compared to the contribu-
tions from other regions. This is particularly important for the observations
of line profiles, but as we shall see in Figure 6, is not quite as important for
the line intensity. Figure 4 provides the fractional contribution to the inten-
sity of H I Lyman-0 from volume elements which have lengths of 0.2 R along the
line-of-sight. The lines-of-sight for the observations of Figure 4 Intersect
the plane of the disk at p = 1.5. The contributions are plotted against the
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distance of the volume element from the plane of the disk in solar radii. The
angles 6 to the centers of the individual volume elements are also provided.

The solid line histogram in Figure 4 refers to the corona illustrated in the
upper part of Figure 3. The 60° wide coronal hole has a center line at 6 = 90°,
Its plasma parameters are the values for a coronal hole that were discussed
earlier. The radial variations of the outflow velocity are taken to be identi-
cal (i.e. multiplier of one) to those of Munro and Jackson (1977) and the multi-
plier for density is 2 (i.e. densities twice as high as those in Allen's model
for polar minimum). The hole is surrounded by a quiet coronal region with the
parameters described earlier. The maximum contribution from a volume element
is about 17% in this case and the fractional contribution from the coronal hole
is 82%Z with the remaining 187 being contributed by the surrounding quiet corona.
For a spherically symmetric corona with the same plasma parameters as the coronal
hole, the fractional contribution would be 87% from the same region of space
occupied by the coronal hole (i.e. 60° < 6 < 120°). The fractional contribution
from a smaller coronal hole with boundaries at 6 = 75° and 105°, and the same
outflow velocities but with a density multiplier of 4 (twice the value for the
previous example) is 69%. 1In each of these instances the structures of interest
provide the dominant contribution and so for similar coronal holes or larger
ones, the Lyman-0 intensity and line profile at p = 1.5 should be controlled by
the parameters of the coronal hole and not by any surrounding quiet regioms.
Figure 4 also provides the contributions for a small streamer that is identical
to the one shown in Figure 3 except that the center line is at 6 = 90°. The
total contribution from the streamer is 647 with the surrounding quiet corona
providing the remaining 36%. Although it is not shown in Figure 4, we also cal-
culated, for p = 1.5, the total streamer contributions for the cases where the
streamer was centered at 8 = 60° and 30°. The fractional contributions to the
streamer in those cases are 40% and 18%, respectively. Those reduced contribu-
tions are due to the smaller densities at the observed radial heights in the
streamer. This example illustrates the desirability of observing structures of
interest that are located near the plane of the disk.

Sensitivity to Outflow Velocity

Recall from the discussion of spectroscopic diagnostics, that the resonantly
scattered intensity is affected by the outflow velocity. For an observation of
the corona depicted in the upper half of Figure 3, the fractional contribution
from the coronal hole is plotted in Figure 5 for several absolute scales of out-
flow velocity. The coronal hole density multiplier is 2., The outflow velocities
versus height for a multiplier of one times the Munro and Jackson (1977) values
are indicated in the figure. 1In the case of zero outflow in the coronal hole,
the fractional contribution from the hole decreases with increasing p because
the adopted density gradient is larger in the hole than in the surroundirg quiet
corona. Because Doppler-dimming reduces the intensity of H I Lyman-¢, the total
contribution from the coronal hole decreases with increasing outflow velocity.
Due to the small velocities encountered by observations at p = 1.5, the hole
contribution at that height is >80% for every curve of Figure 5. For the Munro-
Jackson velocity scale, the contribution reaches 36% at p = 2.5 and 25% (not
shown) at p = 3.,0. Of course, broader holes, such as the 1973 polar hole mod-
elled by Munro and Jackson (1977), would tend to contribute larger fractional
amounts to the observed intensity.
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e Ls oA prul O Lhe
. observed Lyman-o line intensity
” v (;? s) 8 versus p for the same 60°-wide
100 T T T coronal hole and surrounding
1 region that were discussed in
» | reference to Figure 5. Figure 6
illustrates the sensitivity of
I | the observed H I Lyman-o inten-
75+ | sity to the outflow velocity in
the hole for the case where it
is surrounded by a more dense
coronal structure. For p = 2.5
05 x V 1 the observed intensity for zero
1 outflow is about 1.8 times the
S0 1 value for the Munro and Jackson
velocity scale and about 2.4
times the intensity for 1.5
1.0 x V | times those velocities. Notice
_ that the observed intensity is
o5 sensitive to outflow even in the
case where the fractional contri-
bution from the coronal hole is
fairly small (see Figure 5).
20 x V Also note that the observed in-
tensity for p = 1.5 is fairly
ob— L L qngensitive to the range of out-
-0 3 2.0 2.3 30 f1ow velocities that are expected
p (solar radii)
at the contributing heights of
that observation. This can also
Figure 5. Total fractional contributions from be seen from Figure 1. There-
the coronal hole for observations fore, the observed intensity at
of a simulated 60? coronal hole surrounded by a given height relative to the
quist coronal regions. | curics are plottsd of  incensity at p = 1.5 is an ob-

0.5, 1.0, 1.5 and 2.0 times the outflow veloci- Servable quantity which is par-
ties of Munro and Jackson (1977). ticularly sensitive to outflow

velocity.

CONTRIBUTION (percent)

The situation is similar for observations of other lines although in the
case of the O VI 11032 and A1037 lines, the sensitivity to small velocities
makes an observation at 1.3 Rj highly desirable for ensuring an observable in-
tensity that is insensitive to expected outflow velocities. 1In the case of those

lines, there is the added advantage of observing their line ratio as described
earlier.

Sensitivity to Hydrogen Random Velocities

The primary purpose of Figure 7 is to demonstrate the sensitivity of ob-
served Lyman-o profiles to the hydrogen random velocity distribution in a coronal
structure of interest that co-exists with other structures along the line-of-
sight. For this purpose we again consider the 60° coronal hole and surrounding

quiet corona shown in Figure 3. Representative portions of line profiles are
plotted in Figure 7 for simulated observations at p = 2.0. The profiles have a
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21 84 184 ized to the intensities at line
center. The primary observa-
tions to be considered here are
line profiles for several differ-
ent absolute scales of outflow
velocity in the coronal hole
(multipliers of 0, 1 and 2 times
the Munro and Jackson scale).
Those simulated profiles are
compared in Figure 7 to other
observations where the value of
certain parameters in the coro-
nal hole or in the quiet corona
are changed from their normally
adopted values. For the primary
observations (represented by
the solid curves), the increase
10XV in line width with increasing
| 1.5 % V | outflow velocity is due to the
2.0xV components of that velocity
along the line-of-sight. Even
o e for a velocity multiplier of
o) 1.5 2.0 2.5 3.0 .
p (solar radii) tgo (corresponding to 168 km
s~ at 2 R,) the fractional in-

crease in width at e~ Io, due
Figure 6. H I Lyman-a line intensities for
simulated observations of a 60° to this effect, is only 27.

coronal hole surrounded by quiet coronal Although this effect should be

regions. Curves are plotted for the outflow included in the models, the

velocities of Figure 5. profiles are relatively insen-
sitive to outflow velocities.
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For the purpose of discussing the sensitivity of the observed profiles to
the random velocity of hydrogen atoms and protons, it is convenient to parame-
terize the random coronal velocity by defining an effective hydrogen temperature
which specifies a Doppler width for the adopted hydrogen velocity distribution.
For coronal holes, the value of this parameter is taken to be 1.4 x10® K at
2.0 R (Withbroe et al., 1982a). A value of 2.1 x10% K (Withbroe et al., 1982b)
is adopted for that height in the quiet coronal region. The only difference in
the model between the group of solid profile segments in Figure 7 and the group
of dashed curves is that, for the latter curves, the effective temperature in the
hole was increased by 2 x10% K at all heights. By comparing the dashed curve
for zero outflow velocity to the corresponding solid curve, it is immediately
obvious that the observed profiles are very sensitive to small differences in
the random velocity distribution of hydrogen within the coronal hole. Similar
comparisons for the profiles corresponding to the two non-zero outflow veloci-
ties indicate that the observed profiles are only slightly less sensitive in
those cases. The reason for the slight decrease in sensitivity with increasing
velocity is primarily because Doppler-dimming decreases the contribution from
the coronal hole (see Figure 5). The smaller separations among the dashed
curves compared to those among the solid curves is due to the domination of
the random velocities over the outflow velocities in the hotter coronal hole
models. The dotted profile in Figure 7 is for the case where the effective
hydrogen temperature is increased in the quiet region by 2 x10° K while the
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coronal hole has a velocity
scale multiplier of one and has
the other normally adopted
parameters. This profile is
only slightly wider than the
corresponding profile (middle
solid curve) for the usual ef-
fective temperature in the
quiet region. This illustrates
that the observed profiles are
not overly sensitive to the
effective temperature of the
surrounding quiet corona.
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0.45

A pure Gaussian profile
(dot-dash curve) corresponding
to the adopted random velocity
distribution in the coronal hole
at r = 2.0 R, is also plotted.
It is clear from a comparison
to this profile that the line-

0.35 ! L 1 1 L . L L : of-sight effects, including the
0-435 0.50 055  physics of the resonant scatter-

WAVELENGTH (A)

ing process, do not produce ex-

tremely large departures in the

profile shapes from the simple

Figure 7. Segments of H I Lyman-o profiles for profile that would be emitted
simulated observations of structures by a hydrogen gas with the

RELATIVE INTENSITY

0.40

described in the text. velocity distribution of the
coronal hole at the height of
observation.
IV. SUMMARY

Spectroscopic observables, including the line profiles and intensities of
resonantly scattered and collisionally excited radiation from atoms and ions and
the electron scattered profile of H I Lyman-0,, are sensitive to all of the pri-
mary plasma parameters of the outflowing solar wind plasma in the extended
solar corona. Individual observables have been identified that tend to be con-
trolled, primarily, by particular plasma parameters. Therefore, in many respects,
a measurement of a particular spectroscopic quantity can be considered to be a
direct determination of the corresponding plasma parameter. However, the more
rigorous approach, that has been emphasized in this paper, is to treat the
observable quantities as constraints on an empirical model of the observed coro-
nal structure and to recognize that individual observables are primarily con-
trolling the value of particular parameters in the model. High confidence in the
model as an empirical description of the observed plasma can be realized if the
number of measured quantities is sufficient to constrain all of the primary
parameters of the modeled plasma. The advantage of the model is that, in simul-
taneously predicting all of the observable quantities, it takes the relationships
among the various physical variables of the plasma into account.
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Because the UV, EUV and XUV spectral lines used for coronal diagnostics are
optically thin in the corona, an actual observation samples every structure along
the line-of-sight. Our study has shown that the contributions from coronal struc-
tures lying in the plane of the solar disk (8 = 90°) are enhanced over those of
neighboring structures along the line-of-sight. Therefore, it is preferable for
the coronal structure of interest to be located in this plane at the time of its
observation. Measurements of polar coronal holes are particularly advantageous
in this respect. Even in the case of a fairly narrow (6Q0°) coronal hole with
outflow velocities as large as those in the Munro-Jackson model, the maximum
contribution to the observed intensity out to p = 2.2 was found to be from the
coronal hole (see Figure 5) rather than the surrounding quiet corona. Also, for
this example, the observed intensity is highly sensitive to outflow velocity
out to beyond p = 2.5 and the line profile at p = 2.0 is very sensitive to the
hydrogen velocity distribution in the hole. Broader coronal holes such as the
1973 polar hole that was discussed by Munro and Jackson (1977), would dominate
observations out to higher heights. Narrower coronal hole-like structures of
higher density and smaller outflow velocity, such as the one reported by Withbroe
et al.(1982a), also provide the dominant contribution out to beyond p = 2.5.

Line-of-sight contributions tend to be of more concern for observations of
coronal holes than for other coronal structures because they have the smallest
densities and the highest outflow velocities. For observations of other coronal
Structures, the fractional contributions tend to be at least as large as the con-
tributions from the coronal holes considered here and other structures tend to
be observable at larger heights. The simulated observations that were considered
in this paper have shown that spectroscopic observables are sensitive to the
physical parameters of coronal holes and other structures even in reprec~ntative
cases where the structures of interest are surrounded by other regions along the
line-of-sight. The examples used here were for relatively small coronal holes
and streamers. Larger structures would provide an even larger fraction of the
observed intensities.

To demonstrate the feasibility of making EUV spectroscopic observations of
the extended corona and to obtain a sample of scientific data, we have observed
the intensity and spectral line profile of H I Lyman-o from p = 1.5 to 3.5
during three sounding rocket flights. Results for observations of a coronal hole
on April 13, 1979 were reported by Kohl et al. (1980) and observations of a
quiet coronal region from the same rocket flight were discussed by Withbroe et al.
(1982b). A coronal hole-like structure near the south solar pole was observed on
February 16, 1980 and reported by Withbroe et al. (1982a). Observation of the
polarization and brightness of the white-light corona were made during each
flight by a coronagraph of the High Altitude Observatory. During a rocket
flight on July 20, 1982, we observed a coronal hole (near the north solar pole)
and a nearby streamer. Measurements were made of both the H I Lyman—-¢o profile
and the intensities of O VI A1032 and A1037. Although the analysis of those
measurements is still in progress, it appears that the data will provide an
empirical model of the observed coronal hole that will specify, for the first
time, a value for the outflow velocities as well as the random velocities of
hydrogen and the electron densities (the latter from white-~light data).

Our next EUV spectroscopic measurements of the source region of the solar

wind are planned for 1986 on board the Spartan 2 mission which is expected to
provide 27 hours for measurements of resonantly scattered H I Lyman-g intensities
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and profiles, O VI Al032 and A1037 intensities, and the intensities and line
profiles of the electron scattered component of H I Lyman-a.

This work is supported by NASA Grant NAG5-613 to the Smithsonian Astro-
physical Observatory.
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IMPULSE RESPONSE OF THE CORONA™

S.T.Suessland J.V.Hollweg2

ABSTRACT

Considering the corona to be a stratified, compressible gas in the
presence of a gravitational field, it is possible to examine the
propagation of an impulse through the corona and to thereby study
characteristic modes of oscillation that could be excited by an arbitrary
impulse. Some recent papers (Rae and Roberts, 1982; Hollweg, 1982) have
considered the impulse response of the solar atmosphere. Here, we extend
these ideas to the solar corona and solar wind using the analytical
techniques developed in the above studies together with numerical
techniques recently developed for studying transonic flow in the corona
(Suess, 1982). It is shown that the impulse response consists of a
propagating wave front, followed by a ‘wake’ which oscillates at the local
natural frequency - having a period of less than one hour to a few hours.
These oscillations are gravitationally modified acoustic waves. This work
is motivated by two observations. First, that there are impulsive events in
the lower corona in the form of coronal transients and, on a smaller scale,
spicules and ‘coronal bullets’. Second, a variety of observations indicate
the dominant period of fluctuation in the corona and solar wind is a few
hours, and some coronal transients exhibit a density profile that may be a
manifestation of the wake discussed above. The value of relating the theory
to observations lies in the result that the observational characteristics
of the wake depend most sensitively on the temperature and flow speed.

Hollweg, J. V., On the origin of solar spicules, Astrophys. J., 257,
345, 1982,

Rae, I. C., and Hollweg, J. V., Pulse propagation in a magnetic flux
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CORONAL TRANSIENTS IN FE XIV 5303A:
FIRST TWO-DIMENSIONAL PHOTOELECTRIC GROUND-BASED OBSERVATIONS

Richard C. Altrock and Howard L. DeMastus
Air Force Geophysics Laboratory
Sacramento Peak Observatory
Sunspot, New Mexico 88349

ABSTRACT

An observational program has been undertaken at Sacramento Peak Observatory
to photoelectrically detect coronal transients. Continuous observations are made
in the Fe XIV 5303A green line, utilizing the 40-cm coronagraph and the Photo-
electric Coronal Photometer. Scans at three heights above the limb are combined
to form a low-resolution picture of the green-line corona every 20 -
30 minutes. Difference pictures, relative to an initial scan, can be generated
to search for sudden changes in the corona. The first few days of operation of
this program have yielded three low-lying events (<1.55 solar radii) following
minor chromospheric activity (a surge and eruptive prominences), which propagated
up through the corona with velocities on the order of 100 km/s.

Introduction

Photoelectric observations of the corona have been made daily at Sacramento
Peak Observatory (SPO) since 1975. The 40-cm—aperture coronagraph is used to form
an occulted image of the corona, which passes through a narrow-band filter that
spectrally chops at 100 kHz between the corona in the green line of Fe XIV 53034
and an off-band wavelength. This technique allows the sky background contribu-
tion to be electronically subtracted. The output is sensed by a photomultiplier,
digitized, and recorded. The entrance aperture of 1.1 arcmin is scanned
around the 1limb at radius vectors of 1.15, 1.35 and 1.55 solar radii (Ro). Data
points are recorded every three degrees in latitude. For further information on
the instrument and the data, refer to Fisher (1973, 1974, 1978), Fisher and
Musman (1975), Musman and Altrock (1978) and Altrock (1980, 1982).

The Coronal Transient Patrol

Since 1976, sporadic observations by Altrock (unpublished) and Fisher (1977)
have shown that transient processes can be observed with the SPO coronal photo-
meter. However, no systematic approach has been taken, due partially to slow
data rates in the original instrument. Recent comprehensive improvements in com-
puter control of this system have allowed much faster data acquisition
rates, making systematic observations more attractive. On 15 Sep 1982 a program
was started to patrol for green~line transients approximately one week each
month. Every 20 to 30 minutes (depending on the time required for recentering,
rezeroing, etc.) a set of scans is taken at the above three heights. From these
scans, a “"picture" of the corona can be generated, as in Figure la.

If an error in centering the image occurs prior to making a circular scan in
the corona, the resultant intensity I(6), where 6 is the azimuth angle of the
scan, contains additive errors AI(®) that may be expressed analytically. The
only assumption required is that I «R™2, where @ 1is some positive constant
and F is the radius vector. In addition to the radius errors, the analytic
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(a) (b)

Figure 1. (a) A grey-scale picture of the solar green—line corona from 1.15 to 1.55 R  taken from 14:49 to
15:10 UT on 19 Oct 1982. The bright inner circle represents the solar disk. Intensities have been scaled to
yield a constant average intensity with height. Solar north is at the top and east is on the left. Note
the two active regions on the east limb and one on the west limb. (b) A difference picture of the solar
green-line corona, with the scan of (a) subtracted from one made from 22:02 to 22:25 on the same day. The
transient discussed in the text is on the left, just below the equator (azimuth angle 105°). Two other
transients are visible near azimuth angles 80° and 270°. The intensity scale is not the same as in (a).
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expression can easily be modified to include changes in atmospheric and instru-
mental transmission from scan i to scan j. The resultant expression is

= — 1]
AIi,j(e)/Ii(e) Aj + Bj cos (0 - © j),

where Aj, Bj, and ©': are constants to be determined by a least—-squares fit
to AIi,j(ek), k=1,...,120. Thus, each scan I during the day can be ad justed
relative to a standard scan I, usually one ‘near the beginning of the day.
Figure 2 shows the result of applying this technique to all the scans on a given
day.

The Transients of 19 Oct 1982

After applying the correction for image drifts and changes in instrument and
sky transmission, difference pictures can be generated relative to the standard
scan. Figure 1b shows such a picture for 19 Oct 1982. There was obviously at
least one major change in the corona during that day, seen in the lower left
hand corner of the image. In order to determine if this change could be con-
sidered a transient, as opposed to a gradual evolution or an effect of solar
rotation, we first examined the SPO Ha patrol for that day.

At 17:48 UT a small bright surge on the disk occurred just inside the
limb near an azimuth angle of 105° east of north. It propagated acrcss the limb
to a maximum projected height of 55 Mm (1.08 RO) with a projected radial velocity
of 70 + 10 km/s early in the event (through 18:00). In the green-line data,
strong increases in intensity near azimuth angle 105° were seen at 1.15 and 1.35
R, at 18:10 4+ :24 and 18:16 + :24, respectively (precursor activity, which will
be discussed below, was seen prior to R If we consider this main
coronal intensity increase to be due to the . <mospheric disturbance, the propa-
gation velocities to 1.15 and 1.35 R, aze > 40 km/s and > 80 km/s,
respectively. The inferred propagation velocity from 1.15 to 1.35 R, is > 40
km/s. These coronal velocities are highly uncertain due to the long scan times
and the difficulty of determining precisely when a "disturbance” starts at a
given height.

Discussion

As the Ha surge rose above the east limb, it appeared to follow a loop-like
trajectory, curving off to the south in the plane of the sky. The final configu-
ration of the coronal event (Figure 1b) shows a nearly identical shape. Although
it may not be apparent in this figure, there is evidence in the data for closure
of the loop on the south side, with brightening at 1.15 R, at 100° £ 5 and 120°
+ 5 and at 1.35 R, at 110° + 5. In addition, there is marginal evidence for dark-
ening in the center of the loop.

The vertical development of the main brightening appears to be
consistent with a density perturbation (pressure pulse) travelling up with
the surge. The surge velocity of 70 # 10 km/s is consistent with velocities in-
ferred from brightenings in the green-line corona (> 40 km/s). Preliminary data
from the Mauna Loa Solar Observatory K-Coronameter (Fisher, 1982a) indicate en-
hancements up to 1.72 R, and perhaps higher, by 18:51, consistent with propaga-
tion velocities of 130 km/s (from the surface) to 70 < V(1.72 Ry) < 310 km/s
(from 1.35 Ro)'

The precursor activity referred to above was a brightening at R/Ro = 1.35
prior to 17:30 at a location directly above the site at which the surge occurred
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Figure 2. Top: a polar plot of all scans at 1l.15 R, taken on 18 Oct 1982.
Bottom: the same scans after correction for image drifts and changes in sky and
instrument transmission.
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later. Similar observations by other investigators of precursors or forerunners
prior to mass—ejection events appear to fit in the class of internal-energy
events described by Fisher(1982b). Now, as we have seen, the main coronal inten-
sity increase can be attributed to the mechanical effects of the rising surge.
What then is the cause of the precursor brightening, which had no visible preced-
ing Ha activity? One possibility is a density increase or heating in the corona
due to magnetic activity prior to the surge. If such a physical connection does
exist between the precursor and the surge, we may be seeing evidence for the
first time of coronal magnetic-field activity as the cause of surges.

The qualitative model would then be: (1) Coronal magnetic-field activity
causes a density increase or heating in the corona, which is reflected in green-
line brightening; (ii) This same coronal magnetic-field activity creates an in-
stability in the chromosphere that results in the expulsion of matter ("melon-
seed"” model?) into the corona (the surge); (iii) As the surge rises through the
corona, the pressure pulse connected with it compresses the coronal
material, causing the second, main brightening.

Finally, we note in passing that the two other brightenings of that day (cf.
Figure 1b) on the west and northeast limbs also have associated Ha activity
(eruptive prominences) and therefore also qualify as coronal transients. The
coronal manifestations of these events at 1.15 R, appear to have propagation
velocities of < 140 km/s.

Acknowledgements. The authors gratefuly acknowledge the management of
the observations by L.B. Gilliam, chief observer of the SPO Big Dome, and the
care taken by his assistants, K. Streander and S. Tullis, to ensure a quality
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MHD WAVES AND TURBULENCE
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SUMMARY OF THE SESSION ON MHD WAVES AND TURBULENCE

A. Barnes

The papers of this session reflect a shift of emphasis in the
interpretation of interplanetary fluctuatioms. Up until about the time of
Solar Wind 4, the language of hydromagnetic wave theory had been the primary
mode of description. However, the wave approach runs into observational
problems, suggesting that the language of turbulence theory might be more
appropriate. The paper of Mathaeus and Goldstein represents some first
attempts in this direction. They applied tests of statistical stationarity to
sets of magnetic data, confirming that "weak stationarity” is a justified
assumption. They presented the first measurements of the MHD helicity. The
magnetic helicity is mixed, indicating an equal mixture of right and left
polarizations. Cross—helicity normally indicates propagation outward
(antisunward) for all but the lowest wave numbers, although one
counter—example containing substantial inward propagation was given.

Denskat reviewed the observations of interplanetary MHD waves over the
range 0.3-5 AU. The slope of the power spectra at ~ 0.3 AU is flatter than at
~1 AU. The relative intensity of fluctuations in field magnitude to
fluctuations in field direction increases with increasing heliocentric
distance.

Ovenden and Schwartz reported calculations that indicate the possibility
of decay of an Alfven wave (allowing for finite Larmor radius) into a soliton,
and suggested that a complex of such solitons might be an important component
of interplanetary turbulence.

Bavassano reported an observational study testing the stochastic model of
interplanetary Alfvenic fluctuations. The model is qualitatively successful,
but has quantitative limitations.

Hollweg presented a theory of surface waves on tangential
discontinuities. These waves have many properties in common with Alfven
waves, and it was suggested that the observed Alfvenic fluctuations may, at
least in part, be due to surface waves.

Montgomery presented a comprehensive review of the present state of
hydromagnetic turbulence theory. The theory has had a reasonable development
only for the case of incompressible isotropic turbulence, and therefore may
not be completely applicable to the solar wind. Nevertheless, the concepts
and language may be useful, if only in a qualitative way.
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MAGNETOHYDRODYNAMIC TURBULENCE IN THE SOLAR WIND

by
William H. Matthaeus and Melvyn L. Goldstein

Laboratory for Extraterrestrial Physics
Code 692, NASA/Goddard Space Flight Center,
Greenbelt, MD 20771

Abstract

Recent work in describing the solar wind as an MHD turbulent fluid has shown
that the magnetic fluctuations are adequately described as time stationary and
to some extent as spatially homogeneous. Spectra of the three rugged
invariants of incompressible MHD are the principal quantities used to
characterize the velocity and magnetic field fluctuations. Unresolved issues
concerning the existence of actively developing turbulence are discussed.

INTRODUCTION

To describe a fluid system as turbulent is to say that the dynamical
fluid variables exhibit complex and essentially non-reproducible behavior as a
function of time. This is generally due to the presence of nonlinearities in
the fluid equations which strongly couple a large number of degrees of
freedom. Turbulent systems are usually very far from equilibrium states for
which detailed analytically tractable theories might exist.

By all appearances, the solar wind plasma flow and the interplanetary
magnetic field carried along with it are such a turbulent system. 1In the zero
momentum frame, the magnetic and velocity field fluctuations are energetically
comparable to the mean magnetic field over length scales of order 1 AU and
display the type of complicated behavior expected of turbulence.

The prospect that plasma turbulence techniques may be applied and
developed in the context of solar wind studies is attractive. Although the
interplanetary medium cannot be controlled in the ways a laboratory plasma
might be, it does persist in time in what might be thought to be a statistical-
ly steady state. More importantly, interplanetary exploration has provided us
Wwith a vast data base of magnetic field and plasma properties along spacecraft
trajectories. The availability of these data, reduced to a form compatible
with the 1language of turbulence theory, now provides the opportunity to
evaulate existing theories and may provide guidelines for the development of
new approaches. In this paper, we summarize some of our recent work
[Matthaeus and Goldstein, 1982a,b] which begins to address the questions: to
what extent does the interplanetary medium resemble a turbulent MHD medium and
what can one learn about the validity of turbulence theory from experimental
space physics.

The theoretician studying turbulence properties of the interplanetary
medium must deal primarily with appropriately defined ensemble averaged
properties of the interplanetary fields [Batchelor, 1970]. The connection
between statistical theories of turbulence and experimental reality can be
made only when it is possible to show that the theoretician's abstract notion
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of an ensemble has a plausible correspondence to some experimentally implement-
ed averaging procedure. The connection usually sought is that time averages
of the products of the turbulent fields at fixed points in space are equiva-
lent, in practice, to ensemble averaging. When this is so, the fluctuations
are ‘'ergodic'. If time averages are also insensitive to the origin in time,
the fluctuations are statistically stationary. As a first step in deciding
whether it is even appropriate to describe interplanetary fluctuations using
turbulence theory, we establish that the interplanetary magnetic field often
behaves as a stationary and ergodic random function of time.

TIME STATIONARITY

Consider a component of the magnetic field, B(t), at a fixed point in
space. Frequency spectra and two-time correlation functions indicate that
B(t) consists of a continuum of frequency components superposed on coherent
signals with periods of the solar rotation period and its first few harmonics.
The signals commensurate with the solar rotation are indicative of sector
structure, stream structure and other nearly periodic phenomena relating to
the origin of the solar wind and its possible continued forcing by high speed
streams.

Stationarity of the average field, <B(t)> = a, and second order moments
such as the correlation function R(t) = <B(t)B(t+t1)> is just the property that
the ensemble average denoted by the brackets <...> does not depend on t. To
determine the extent to which this property is reflected in the data, we
consider sequences of time averages of the field covariances of duration T.
According to the ergodic theorem [Panchev, 1971] for stationary random
processes, the mean values of these averages converge to the ensemble means in
a calculable fashion. We have shown [Matthaeus and Goldstein, 1982b] that the
expected variance of the time averages of B(t), say [B(t)]T, is, for large T

AZ[B]T = <([B]T—a)2> = 202T/Tc + Hooz sin’(uoT/Z)/(on)2 (1)

when coherent power at frequency w_ is properly taken into account. In (1,
o? is the incoherent power, o 2 the coherent power and T is the correlation
time of B(t). The right hand gide depends only on bulk sé%tistical properties
of B. However, the left hand side can also be estimated from a large dataset
by carrying out many time averages of duration T and averaging the results.
Comparing the asymptotic ensemble prediction in (1) with the averages from the
data provides a test of the stationarity hypothesis.

The longest dataset we have analyzed in this manner utilized the (X,Y,2)
= (radial, tangential, normal) components of the interplanetary magnetic field
taken from a 621 day IMP dataset in the National Data Center. The results
show that the ergodic theorem is an excellent predictor of the behavior of the
averages. The apparent convergence of the variance of estimates of <B>
indicates that both first and second order moments are stationary since the
mathematics leading to (1) requires that the two-time correlation R(1) Dbe
independent of t. For this result to be useful, we also need to be able to
obtain good estimates of second order moments from the same finite amount of
data. This requirement is equivalent to wusing time averaging to obtain
convergence of certain fourth-order moments of B(t) (namely, the variance of
estimates of the variance of B, each of which is a time average). This has
also been established for the IMP dataset.

The stationarity test has also been applied to a number of other magnetic
field datasets using ISEE and Voyager data at heliocentric distances of 1 - 10
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AU, The length of the data records ranged from about 10 to 100 days. The
degree of convergence of large T time averages to predictions such as (1) was
used as a figure of merit. These analyses indicate that 'good' convergence is
obtained for datasets containing many (> 10) correlation times, provided that
significant organized structures such as isolated shocks and sector crossings
are not undersampled. For example, a dataset spanning two or three sectors
cannot be expected to give statistical estimates which are as well behaved as
those obtained from a smaller subset of the data which includes no sector
crossing.

These results suggest that the interplanetary magnetic field can be
meaningfully viewed as a 'weakly' stationary random function. Strict
stationarity requires that all moments, not just means and second order
correlation functions, be independent of time.

It should be noted that the stationarity test described above is far from
a mathematically rigorous procedure. One difficulty is that estimates of the
left hand side of (1) utilize an average over a finite number of realizations
of duration T rather than an average over the entire ensemble. It was also
necessary to estimate the values of the ensemble parameters a, o 2,02 and T
from the same finite span of data. The values of T used were restricted to be
less than one-fifth the total data record to minimize the effects of those
approximations. We believe that this type of restriction is essential to
prevent spurious results, though we have been unable to show this analytically.

SPATIAL HOMOGENEITY

Spatial homogeneity is another possible symmetry of turbulent fluctua-
tions [Batchelor, 1970] and is particularly important if wavenumber spectral
analysis is to be performed. Much of the existing turbulence theory deals
with this case. Moreover, the dynamical processes which characterize homo-
geneous turbulence may play an important role in turbulence which is, at the
largest scales, inhomogeneous. This statement is most easily justified in the
very large Reynolds number case, in which turbulent fluctuations are found at
all spatial scales ranging from energy containing scales down to a dissipation
scale. If the length scales in this range are well separated from the lengths
characterizing the scale of the entire system, homogeneity is a reasonable
expectation.

In the most general case, time stationarity and spatial homogeneity are
separate issues. However, the solar wind is a super-Alfvenic flow which
allows the approximate identification,

<B(x,t)B(x+r,t)> = <B(x,t)B(x,t+1)> (2)

where r = -v__ R, v__ is mean solar wind speed and R is the radial unit vector
in heliocent?lc codfdinates. This 'frozen-in flow' property is valid for
phenomena occuring on a MHD time scale. If the time-stationary property holds
at all points in space, (2) implies that B(x,t) is also spatially homogeneous.
Equation (2) cannot be valid for spatial separations r which approach the
scale over which the bulk heliospheric quantities vary, which can be plausibly
taken to be the 1local heliocentric radial coordinate, R. In view of the
results of the previous section, we have concluded that interplanetary MHD
fluctuations at frequency  correspond to spatially homogeneous structures
provided that their scale v_ /w is much less than R. It seems reasonable from
a theoretical point of view to assume that interplanetary fluctuations are
both stationary and locally homogeneous with macroscopic parameters varying
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slowly, over scales of order R. This limited connection between stationarity
and homogeneity can only be useful when the correlation length L_ << R, in
order that the spatial dependence of the fluctuations can be well sampled
without encountering effects due to the scale size of the heliosphere.

RUGGED INVARIANTS OF MHD IN THE SOLAR WIND

Theoretical descriptions of fully developed MHD turbulence often dissuss
the behavior of the 'rugged' invariants of the MHD equations. We have
developed techniques for determining the rugged invariants of three dimension-
al MHD and their reduced wavenumber spectra from single spacecraft data
[Matthaeus and Goldstein, 1982a]. The three known rugged invariants are the
energy density, E = <B% + v2>, the cross helicity, Hc = <veB>, and the
magnetic helicity, H = <A*B>. The energy density is the sum of magnetic and
kinetic energy densities, with the magnetic field B written in Alfven speed
units. The magnetic helicity is the mean projection of the magnetic vector
potential, A, on the magnetic field B. In the above definitions, B is taken
to be the fluctuating field and A is assumed to be in the Coulomb gauge.
These three quantities are invariants of ideal MHD and they are "rugged"
because their invariance obtains for finite dimensional Galerkin-type
representations of MHD, as well as the usual continuum model. In all cases
tested so far [see for example, Fyfe and Montgomery, 19761 rugged invariants
have been shown to be the isolating constants of motion necessary to describe
the unphysical, but theoretically suggestive finite dimensional statistical
mechanics models of turbulent ideal MHD and Navier Stokes flows. In physically
realistic turbulence, which always admits dissipation at the smallest spatial
scales, rugged invariants are no longer constants of the motion. However
their values are not changed by the action of nonlinearities in the equations
of motion. Since nonlinear couplings alone induce transfer of excitations
from one length scale to another, the set of rugged invariants imposes direct
restrictions on how turbulent energy transfer occurs. For this reason much of
turbulence theory is couched in the vocabulary of rugged invariants and their
wavenumber spectra.

Here we shall not reproduce detailed analyses of data, but merely
summarize the type of spectra which have most frequently been seen.

The energy spectra analyzed between 1 and 10 A.U. show power law
wavenumber dependences of k'a with a = =1.55 to - 1.7. The power law region
extends from scales near the correlation length, which is usually between 102
and 10'® cm, down to scales at least as small as our usual cutoff, about 10°
cm. We have not yet analyzed data at high enough frequencies to resolve any
sort of dissipation range where the spectrum is expected to steepen consider-
ably. The power law is usually very near the Kolmogorov exponent of -5/3.
The appearance of this type of power law dependence is strongly suggestive
that a turbulent inertial range is being observed, even though the solar wind
is probably quite anisotropic [Belcher and Davis, 1971] and the Kolmogorov
spectral prediction presumes isotropy. Others have sometimes reported
different power law dependences [Sari and Ness, 1969; Denskat, these proceed-
ings], particularly for observations inside of 1 AU where homogeneity 1is less
likely a good approximation. It is also possible that at these smaller
heliocentric distances the turbulence may not yet have had time to become
fully developed.

Typical solar wind magnetic helicity spectra alternate in sign throughout
the power law range and usually at lower wavenumbers as well. Because the
magnetic helicity spectrum is a measure of the topological handedness of the
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fluctuations near a given wavenumber, the observed spectra indicate that the
inertial range consists of both left and right handed magnetic structures.
The net magnetic helicity for a "normal" solar wind period is that which is
due to the largest scales sampled and the lengths characterizing the helicity
scale are larger than the correlation length which is an estimate of the
energy containing scale. This is similar to what one might expect in a steady
state inverse cascade [Frisch et al., 1975] or freely decaying selective decay
situation [Matthaeus and Montgomery, 198017: MHD turbulence is thought to
transfer magnetic helicity preferentially to the largest allowed scales. Near
interplanetary shocks [Russell, these proceedings] and the terrestrial [Hoppe
et al,, 1981] and Jovian [Smith et al., 1983] bow shocks the presence of
circularly polarized waves is signaled by a distinct bias in the helicity
spectra.

The cross helicity spectrum is a measure of the correlation between the
velocity and magnetic fluctuations as a function of wavenumber. Similar
quantities have been previously used [for example, see Coleman, 1967 and
Belcher and Davis, 1971] to detect "Alfvenic fluctuations". In highly
Alfvenic periods, the inertial range cross helicity is generally single-signed
and attains a large fraction of its largest allowed values. However, it is
not unusual to see the opposite sign of cross helicity at scales at or larger
than the correlation 1length. In a wave interpretation, these wavenumber
intervals correspond to inward-propagation, while the inertial range has a
cross helicity indicating outward propagation. In at least one other
interval, the cross helicity has been seen to be of mixed sign throughout the
inertial range but with a fixed sign corresponding to outward propagation at
the largest scales sampled.

DISCUSSION

We have attempted the beginnings of a systematic description of inter-
planetary fluctuations in a vocabulary appropriate to MHD turbulence theory
despite serious questions which can be raised regarding the applicability of
the model [see the review by D. Montgomery in these proceedings]. Even within
the context of this model, there appear to be three distinct dynamical
scenarios which might describe the observations,

The first of these is that, for one reason of another, the nonlinear
couplings between the fluctuations are short circuited so that small amplitude
wave theory encompasses the important physics. In this view geometrical
considerations are sufficient to determine the radial dependence of the
fluctuations, which influence the large scale dynamics only through perturba-
tive wave-pressure effects and slow laminar dissipation. This perspective has
often been motivated [Dobrowolny et. al, 1980al by the occurrence of periods
of highly Alfvenic fluctuations such as those reported by Belcher and Davis
[1971]. It has been suggested that the linearization of incomressible MHD
which obtains for exactly correlated velocity and magnetic fields allows large
amplitude fluctuations to propagate outward without wave-wave interactions
[Dobrowolny et al., 1980b]. One would then need to understand why the solar
wind is generated with waves propagating in the outward direction only, and
plausible scenarios for this have been proposed. However, there are a number
of difficulties with this model, which because it lacks spectral transfer, is
not turbulent at all. However, this lack of turbulence would be consistent
with the view that nonlinear interactions occur in the solar corona only below
the critical point. Thus only outward propagating waves, with their remnant
turbulence frozen in, actually escape into the interplanetary medium. This
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picture is not ruled out by any of our analyses, except perhaps the observa-
tion that there are times when the cross helicity spectrum suggests the
presence of both inward and outward directed fluctuations in the inertial
range.

In the previous section we have noted that even highly Alfvenic periods
sometimes show admixtures of fluctations correlated in the sense opposite to
that of outward propagation. In terms of rugged invariants, some wavelengths
have the opposite sign of cross helicity. These modes reintroduce nonlineari-
ties in the dynamics and at this time we do not know if their levels are high
enough to reinstate turbulent cascade processes, Recently, however, we have
reported [Matthaeus, Goldstein and Montgomery, 1982] preliminary two dimension-
al MHD results which suggest that levels of cross helicity even higher than
those typically seen in Alfvenic periods are inadequate to prevent the
development of a power law inertial range. In fact, the simulations show that
the resulting nonlinear processes "almost always" act to enhance the initial
alignment of magnetic and velocity fields. Even if coronal dynamics preferen-
tially generate fluctuations correlated in the outward propagating sense, it
is likely that turbulence proceeds.

A second perspective is that fluctuations are initially produced near the
sun and subsequently participate in turbulent decay processes superposed on
the overall heliospheric expansion, but do not couple in any direct way to the
mean solar wind fields. In this case interplanetary turbulence can be studied
somewhat independently of other solar wind processes.

A third possiblity, which we suggest may be the most realistic, is that
the initially decaying turbulence is "stirred" or forced by interactions of
the local fluctuations with mean field gradients and organized structures such
as high speed streams and magnetic clouds, This has been previously
considered, for example by Coleman [19681]. Turbulence of this type is an
intrinsic part of the overall heliospheric dynamical system and quantities such
~as ohmic heating rates and the radial dependence of the mean magnetic field

cannot be adequately accounted for without incorporating the turbulence at
some level. By way of analogy, hydrodynamicists have traditionally recognized
that high Reynolds number shear flows can be properly understood only when
turbulence effects are included [see e.g., Tritton, 1977]. While even the
existence of an effective coupling mechanism to pump turbulence at the expense
of energy loss in the mean fields must be viewed as conjectural at this time,
interaction regions at the leading edge of high speed streams are one class of
candidates for the location where this occurs, Other possible "stirring"
mechanisms include solar transients and magnetic clouds. In interaction
regions, strong gradients in flow speed may stretch field 1lines, producing
dynamo action as well as giving rise to Kelvin-Helmhotz instabilites. The
typically large variance of the fluctuations in interaction regions relative
to average conditions also draws our attention to them as localized sources of
turbulence.

Any assessment of the role of turbulence processes in the solar wind must
include a determination of the time scales over which the turbulence occurs.
This is well beyond our reach at this time since we cannot measure or predict
forcing, dissipation or energy transfer rates without introducing unmotivated
assumptions. However, a nonlinear time can be constructed by forming the
ratio of the scale size of the energy containing structures to their character-
istic speed. In hydrodynamics this 'eddy turnover time' is an estimate of the
lifetime of the system and the rate of relaxation of the excitations through
cascade to smaller scales and subsequent dissipation. Using a scale of 10!
em and a fluctuation speed of 30 km/sec gives an estimate of the MHD eddy
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turnover time of 3x10* sec, appropriate to nominal conditions at 1 AU,
Comparing this with the transit time of 350 km/sec solar wind over an A.U.
indicates that ten eddy turnover times are incurred for each AU of outward
solar wind convection. This suggests that turbulence processes can be
observed by 1 AU and that fully developed turbulence should be observed in
transit to 10 AU,

The fact that observed spectra of rugged invariants are qualitatively
reproducible does not allow us to unambiguously conclude that turbulence is
active in the solar wind. It is possible to argue that the observed power law
spectra are due to noninteracting Alfven waves. The presence of MHD struc-
tures over a wide range of spatial scales, while often associated with
turbulence, is not a sensitive enough indicator to distinguish actively
evolving turbulence from noninteracting waves. Continual spectral transfer
from large to small scales is an essentially turbulent feature, but it is one
which analysis techniques developed so far have been unable to evaluate.

Every aspect of our understanding of solar wind turbulence is primitive
enough at this stage that it is fair to say that theory and observation will
both have to evolve considerably before the subject is judged as complete.
Problems associated with widely varying spatial scales need to be addressed.
Inclusion of turbulence modelling in the large scale heliospheric expansion
equations [Hundhausen, 1972; Holzer, 1979] may contribute to the resolution of
heating and radial dependence problems. Systematic radial dependences of
large scale fluctuations such as the apparent coalescence of stream structure
[Burlaga, these proceedings] may be related to inverse cascade or selective
decay processes. At the very smallest scales the dissipation mechanism and
dissipation spectra are not well understood. We anticipate that the resolu-
tion of some of these issues will play a role in our future understanding of
the solar wind plasma and perhaps turbulent plasmas in general.

This research was supported, in part by the NRC/NAS Research
Associateship Program, the NASA Solar Terrestrial Theory Program, NASA Grant
NSG-7416 and the ISEE Guest Investigator Program. '
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ABSTRACT

MHD turbulence is studied by analysing magnetic field and plasma observations
from Helios-1 and -2 at minimum solar activity, The steady conditions in the plas-
ma flows and the magnetic field sector structure in 1975/1976 facilitate an inves-
tigation of the radial evolution of the turbulence from 0.29 to 1AU. In high speed
streams the fluctuations in the solar wind velocity v and the magnetic field b are
highly correlated (the correlation coefficient almost being one), which indicates
that the turbulence is mainly Alfvénic in high speed plasma. While some general
fluctuation properties remain essentially unchanged from 0.29 to 1AU, power spec-—
tral analysis reveals a different frequency composition of the Alfvénic turbulence
at different heliocentric distances. At 0.3AU much more 'high' frequency fluctua-
tions (up to 1.2 x 107%Hz) contribute to the total power in the magnetic field and
velocity fluctuations than at 1AU. The contributions of field magnitude fluctua-
tions are found to be distance and frequency dependent. Magnetic field spectra with
an extended frequency range up to 470Hz show certain frequency bands, where the
steepness of the spectra is independent of the heliocentric distance.

INTRODUCTION

Since Solar Wind 4 in 1978 some progress has been made in the analysis of ob-
servations of the radial evolution of MHD-turbulence in the solar wind. Magnetic
field and plasma data from 0.29 to AU are provided by the Helios-spacecraft, data
outside 1AU are provided by the Voyager-spacecraft. This paper mainly treats the
Helios observations from 0.29 to 1AU. A comprehensive review of theory and observa-
tions of hydromagnetic waves and turbulence in the solar wind, which does not yet
include Helios and Voyager observations, is available from Barnes [1979].

To study the radial evolution of MHD-turbulence in the interplanetary plasma,
we use proton plasma data from the Max-Planck-Institut at Katlenburg-Lindau and
magnetic field data from the Technical University of Braunschweig. In this paper
we mainly analyse fluctuations in high speed plasma streams, which are usually
named Alfvénic fluctuations [Belcher and Davis, 1971] or Alfvénic turbulence. The
time periods studied are the primary missions of Helios-1 and Helios-2 (December
74 to April 75 and January 76 to May 76).
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Alfvénic turbulence and the stream structure of the solar wind

To study the occurrence of Alfvénic turbulence we compute the correlation be-
tween b and v for heliocentric distances from 0.29 to 1AU, which is a necessary
condition for Alfvén waves. For the calculations we choose the 'mean field' (MF)
coordinate system defined such that the z-axis is taken along the average direc-
tion of the vector magnetic field, the x-axis is perpendicular to z and lies in
the xz__-plane and y completes the right-handed orthogonal set. Considering a cor-—
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Figure 1. General properties of the Helios-2 fluctuations in relation to the speed
profile between 0.98 and 0.91AU and between 0.29 and 0.54AU. The panels denote
(from the top) normalized fluctuations in field magnitude, field components (given
by the maximum value of the three components), proton density, average bulk speed,
and the absolute values of the correlation coefficients between b and v (MF-coordi-
nates). Op, Op;, and 0 are the one hours rms-values of F, Bi, and n, respectively.

82




relation to exist for correlation coefficients larger than 10.6| for the three
components leads to a more than 757 occurrence of Alfvénic turbulence during one
solar rotation at aphelion (figure la) and perihelion (figure 1b), respectively.
The occurrence of Alfvénic turbulence is essentially restricted to high speed
plasma streams. Within high speed streams the purest examples of Alfvénic turbu-
lence (characterized by a high correlation between v and b and a low level of pro-
ton density and magnetic field magnitude fluctuations) occur in the centers and
trailing edges. These results were already found by Belcher and Davis [1971] for
fluctuations near 1AU and are now also found to hold for fluctuations at 0.3AU. At
the leading edges of high speed streams there occurs a stronger amount of compres-
sional fluctuation activity, which indicates a local generation mechanism.

Figure 1 shows that the correlation between b and v in high speed streams is
often larger than |0.9|. The choice of |0.6| as a limit for correlated fluctuations
was chosen due to results from earlier investigations [Burlaga and Turner, 1976
Denskat and Burlaga, 1977], where lower correlations have been found. These differ-
ences are presumably due to an increased accuracy of the plasma experiment on board
of Helios. The highly correlated v-b fluctuations indicate the almost pure Alfvénic
character of the turbulence. However, there always is an additional compressive
component present, which needs to be explained. These compressive fluctuations

could be static structures convected by the solar wind or magnetoacoustic waves or
both. '

Together with the direction of the interplanetary magnetic field the sign of
the b-v-correlation gives the propagation direction of the fluctuations. For the
primary missions of Helios-1 and -2 all of the Alfvénic fluctuations in high speed
plasma are found to propagate in the anti-solar direction. This clearly points to
a generation of Alfvénic turbulence inside the Alfvén radius (10 to 20 solar
radii).

Radial evolution of fluctuation amplitudes

The investigation of radial dependences of plasma and field parameters at so-
lar activity minimum is facilitated by the magnetic field sector boundaries remain-
ing stable over several solar rotations [Behannon et al., 1981] and the high speed

streams occuring at the same solar longitudes at subsequent solar rotations [Marsch
et al., 1982].

To study the radial evolution of the fluctuation amplitudes, we calculated for
one hour intervals the rms or standard deviations 0. and O , where 0_ is the rms
deviation of field magnitude fluctuations, and 0. is the fms deviation of vector
magnetic field fluctuations with contributions f%onlboth magnitude and directional
fluctuations. The rms deviation 0, is computed from the individual rms deviations

. B
according to . - ¢/02 N 02 " Ofﬁ
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Figure 2 shows OB/<F> and 0_/<F> for perihelion and aphelion time periods.
Apparently there are — no significant differences in the class of directional
fluctuations. Since in the case of Helios-1 Musmgnn et al. [1977] found for the
field . . -1. .

le magg%tgde F a distance dependence F ~ r » these results are consistent
with an r ' law for wave amplitudes predicted for Alfvén waves propagating out-
ward without attenuation in a spherically symmetric solar wind [Whang, 1973; Bel-
cher and Burchstedt, 1974]. However, these results are also consistent with satu-
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rated wave amplitudes, since 0_/<F> never exceeds a value of 0.9. Burlaga et al.
[1982] studied the evolution = of fluctuation amplitudes with magnetic field

data from Voyagers | and 2 at heliocentric distances from 1 to 5AU. They found a
slight decrease in 0_/<F> with increasing heliocentric distance. However, the var-
iability was quite — large and no distinction between unattenuated and saturated
waves was possible.

The distributions 0_/<F> in figure 2, which show that the field magnitude
fluctuations are quite smaller in amplitude than the directional fluctuations, are
broader for the aphelion periods than for the perihelion periods. This relative
increase of 0_/<F> with increasing heliocentric distance may point to a local gen-
eration of compressive fluctuations. Coleman et al. [1969] found the same results
in Mariner 4 data between 1 and 1.5AU. However, Burlaga et al. [1982] found o_/<F>
to remain almost constant from | to 5AU. There are two possible explanations §or
this discrepency. Firstly, GF/<F> may only increase with heliocentric distance out
to ~ 1.5AU and remain approximately constant further out, where the constancy pos-
sibly is maintained by an equilibrium between generation and damping of compres-
sive fluctuations. Secondly, the Helios-results shown were observed at minimum so-
lar activity and may therefore be unique for these conditions.

Period range of the Alfvénic turbulence

To determine the period range of the Alfvénic turbulence we computed cross~spectra
between B and V. Figure 3 shows for one component auto power spectra, coherence
and phase computed from data in high speed plasma near the first perihelion pas-
sage of Helios-2. These results are representative for spectra in high speed
streams near perihelion. Coherence and phase between B_ and V_ show an almost per-
fect anticorrelation over a broad frequency range. At ¥requendies below 2.4 x 1075
Hz the coherence is low, and therefore the fluctuations are not Alfvénic. These
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fluctuations are apparently generated by larger-scale dynamical processes. The
somewhat lower coherence above 3 x 1073Hz can at least in part be explained by
the different kind of data which are correlated. The magnetic field data are ave-
rages over 40.5 sec, while the plasma experiment provides one data set each 40.5
sec, which is not necessarily the average value. A second reason may be a higher
amount of compressive fluctuations at the higher frequencies. However, the coher-
ence is still high up to 1.2 x 10~2Hz and we consider the frequency range from
2.4 x 10~5Hz to 1.2 x 10~2Hz to contain Alfvénic turbulence. 1.2 x 107“Hz is
certainly not the high frequency limit for Alfvénic turbulence, since from phy-
sical reasons we expect this limit at the proton gyrofrequency.

The coherences between B and V were computed for all data in high speed
streams during the primary missions of the Helios spacecraft. At all heliocen-
tric distances the results are quite similar, and we find no systematic varia-
tion. This may be surprising with respect to the low frequency limit, since the
maximum Doppler shift at perihelion is 4 to 5 and at aphelion 8 to 9. However,
one must consider that the resolution of the procedure in determining this lower

frequency limit is quite poor (details may be found in Denskat and Neubauer
[1982]).
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Magnetic field power spectra from 0.29 to 1AU

For the primary missions of Helios-1 and -2 we computed power spectra of the
interplanetary magnetic field in the frequency range containing Alfvénic turbulence
(2.4 x 1072Hz to 1.2 x 1072Hz). Due to a larger number of data gaps from Helios-1,
more spectra could be computed from the Helios-2 data. Only these were used for
further analysis. Figure 4 shows examples of magnetic field power spectra at dif-
ferent distances from the sun. These spectra are quite representative for the lo-
cality where the data have been taken (both spectra were computed from data in
high speed plasma streams). The power spectral density increases as the sun is
aproached, in addition the slope of the power spectral density as a function of
frequency changes significantly. The spectra are considerably flatter at 0.29AU
than at 0.97AU with clear differences between the spectra for the field components
and the field magnitude. For the components the major flattening at 0.29AU occurs
below, say 2 x 107 3Hz. Assuming a power law dependence for the spectral density P
with P ~ £7% the avarage best fit exponent 0 (determined by a least square method)
varies between 1.59 and 1.69 at 0.97AU and between 0.87 and 1.15 at 0.29AU. The
uncertainties are estimated with + 0.12., Since at 0.29AU the power law fit P ~ f
does not seem to be the best possibility of representing the frequency dependence
of the spectral densities, we made an additional exponential fit with P . e—Bf
However, for most of the distance range the power law fit was superior.
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(P

is the

trace of the power spectral matrix; P
is the power of the fluctuations in F
for three distance ranges as a function
of frequency. The number of spectra
averaged may be taken from figure 5.
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Figures 5 and 6 give general information about the radial dependences of the
steepness of the magnetic field spectra and about the different contribution of
field magnitude fluctuations to the total power at different heliocentric distan-
ces for the Helios-2 primary mission. In figure 5 the spectral exponents general-
ly show a large variability, but a systematic change only inside 0.4AU. This
means that the very flat spectra at frequencies below 2 x 10~3uz occur only in-
side 0,4AU. Further out the spectra become increasingly steeper in this frequen-
cy range_ieading to spectra with a constant steepness from 2.4 x 10™°Hz to
1.2 x 10 “Hz.

We have no final explanation for these observations yet. There are several
possibilities to explain this radial evolution of power spectral densities of
magnetic field fluctuations. The reason may be a frequency dependent damping (at
high frequencies) or a frequency dependent generation of magnetic field fluctua-
tions (at low frequencies). Also possible is an inverse energy cascade in wave
number space leading to this evolution of the spectra.

Figure 6 shows that the radial evolution of field magnitude fluctuations is
quite different from the evolution of fluctuations in the field components. The
ratio P, /P varies with heliocentric distance and with frequency. At 1AU we find
a non-frequency dependent behaviour of P_/P_, but inside 0.70AU this ratio is

. F . . .
clearly frequency dependent. Obviously, Ehe compressive magnetic field fluctua-
tions become increasingly more powerful relative to the directional fluctuations
with increasing heliocentric distance. In addition, this radial evolution is fre-
quency dependent.

Parker [1982] studied spectral properties of the magnetic component of hydro-
magnetic fluctuations near 4 and 5AU from Pioneer-10 and -11 data. In a frequency
range similar to our study he found magnetic field power spectra with smaller am-
plitudes than the ones found from the Helios-data at 1AU, but with very similar
slopes. Apparently, the magnetic field power spectra of hydromagnetic fluctuations
do not evolve further outside 1AU apart from a general amplitude decrease with in-
creasing heliocentric distance.

Some years ago Coleman [1968] tried to explain the extremely structureless
power spectra of magnetic field fluctuations in high speed plasma with the pre-
sence of an energy cascade in wave number space. In this context it is interesting
to analyse magnetic field fluctuations in a frequency range extended well above
the proton gyrofrequency. With the search coil magnetometer on board of Helios we
are able to study magnetic field fluctuations with frequencies up to 2.2 kHz.

Figure 7 gives Ego examples of magnetic field spectra in high speed plasma
streams from 2.4 x 10 “Hz up to 470 Hz at 0.30AU and up to 100 Hz at 0.98AU. The
power spectral densities in the frequency range of Alfvénic turbulence show the
behaviour presented before. In the higher frequency range up to 2 Hz the power
spectral density decreases with increasing heliocentric distance, but the steep-
ness of the spectra remains unchanged. This is a typical feature of directional
magnetic field fluctuations in this frequency range at all heliocentric distan-
ces analysed. Above 2 Hz there is a drop in spectral density together with a ma-
jor change_in spectral slope at the higher frequencies, where P is proportional
to about f 3 as found by Beinroth and Neubauer [1981],
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Figure 7. Power spectra of B_ at 0.30 and 0.98AU. Up to 2 Hz spectra are computed
from f1uxgate—magnetometer—dﬁta. The spectra above 4.7 Hz were measured with the
search-coil~magnetometer. The spectral enhancement at 1 Hz is due to the spin of
the spacecraft, which could not be removed totally from the data.

To interpret the radial evolution of magnetic field power spectra in this
wide frequency range, one must consider the different wave modes possible at par-
ticular frequencies. The linear theory of wave propagation in a hot collisionless
magnetoplasma described by the Vlasov-Maxwell set of equations (e.g. Montgomery
and Tidman, 1964) yields an infinite number of wave modes most of which are strong-
ly damped. At low frequencies below the dominant ion cyclotron frequency there are
three important wave modes: the Alfvén wave and the fast and slow magnetoacoustic
waves (e.g. Barnes, 1979). As the frequency approaches the He'* and the proton cyc-
lotron frequencies the Alfvén waves are severly damped by ion cyclotron damping.
Hence we expect an appreciable drop in power spectral density which is somewhat
stretched out in frequency due to the Doppler—-shift. The remaining power spectral
densities at high frequencies than represent the continuation of the magnetoacous-
tic wave mode at the low frequencies usually called 'whistler' mode above the pro-
ton gyrofrequency. We therefore attribute the drop in spectral density between
< 2 Hz and 4.7 Hz to the damping of the Alfvén portion of the spectrum, which close
to the ion gyro frequencies are generally refered to as ion cyclotron waves. Pos-
sible variations of the total spectral densities across the gap are indicated by

dotted lines. The possible contributions of the magnetoacoustic component is indi-
cated by dashed lines.
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Conclusion

The Helios—observations between 0.29 and 1AU show that the occurrence of
Alfvénic turbulence is essentially restricted to the high speed plasma streams in-
dependent of heliocentric distance., The fluctuation amplitudes of Alfvénic turbu-
lence normalized by the average magnetic field magnitude show no systematic helio-
centric distance dependence indicating that the fluctuation amplitudes may be in a
saturated state. This is different for normalized field magnitude fluctuationms,
which become larger with increasing heliocentric distance.

The period range of Alfvénic turbulence is found to be between at least 8ls
(lower limit owing to the resolution of the plasma experiment) and approximately
12 hours (in the spacecraft frame),

Power spectra of the interplanetary magnetic field show a clear distance de-
pendence, Up_to 0.4AU the spectral slope is extremely flat at low frequencies up
to ~ 2 x 107°) and becomes increasingly steeper with increasing frequency. Further
out in the solar wind the spectral slope up to 1.2 x 1072Hz is well represented by
a power law with P -~ £71.6 on average. The reason for this behaviour may be fre-
quency dependent damping (at the high frequencies) or frequency dependent genera-
tion (at the low frequencies) of the magnetic fluctuations. Another possibility is
an inverse energy cascade in wave number space. Magnetic field power spectra ex-
tended up to 470 Hz show an increasing steepness of the spectra with increasing
frequency. Spectra from 2 x 10~3Hz up to the proton gyrofrequency are well repre-
sented by a power law P ~ g=1.7 independent of heliocentric distance and the spec-
tra above the proton gyrofrequency are well represented by a power law P -~ f7° in-
dependent of distance as well.
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ALFVEN SOLITONS IN THE SOLAR WIND
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ABSTRACT

We present here a nonlinear Alfven soliton solution of the MHD
equations. This solution may represent the final state of modula-
tionally unstable Alfven waves. We also briefly describe a model of
the expected turbulent spectrum due to a collection of such solitons.

*Currently a Nuffield Foundation Science Research Fellow

1. Introduction

The Alfvenic nature of the large amplitude turbulence in the
gsolar wind has been known for some time (Belcher and Davis 1971). The
relationship between this turbulence and traditional linear MHD waves
or special large amplitude solutions (Barnes and Hollweg 1974;
Abraham—-Shrauner and Feldman 1977) remains unclear. Equally unclear
are the consequences this turbulence may have for solar wind particle
populations, although jon drift speeds proportional to the Alfven
speed and high perpendicular temperatures suggest some wave-particle
connections (Schwartz et al. 1981).

Efforts to describe solar wind turbulence wusually begin with a
perturbation expansion, leading either to the "decay cascade"” (Chin
and Wentzel 1972; Cohen and Dewar 1974; Schwartz 1977) if the system
is described purely in terms of its linear modes, or to the
modulational instability (Derby 1978; Goldstein 1978) of a single
large amplitude Alfven wave. We discuss here a third alternative
which leads to a nonlinear soliton solution. This solution may
represent the state +to which a modulationally unstable Alfven wave
relaxes. Using an ensemble average of collections of these solitons,

we find a turbulence power spectrum €(k)<k~2 at high frequencies
which flattens toward the low frequency end. Details of the calcula-
tions can be found in Ovenden et al. (1983). Further work on

alternative turbulence models and particle-soliton interactions is
currently in progress.

2. The Soliton Solution

We begin with the one fluid description of a plasma: continuity
and momentum equations and the generalized Ohm's law coupled with
Maxwell's equations (eg. Boyd and Sanderson 1969 3.40, 3.54 and 3.61-
3.63). Assuming quasi-neutrality, an isothermal equation of state,
and neglecting the displacement current, resistivity and the dj/at
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term in the generalized ohm's law, it 1is easy to eliminate the
electric field and transverse fluid velocity. For simplicity we
consider only parallel-propagation so that 9/3x = 0 = d/dy where
the 2z direction corresponds to that of the background magnetic field
Bo. Ultimately, the resulting equations can be written

2
a%p 2 3B
= . 2 (A B ), (v _* ,a (B
atz 3z n dJaz - daz at dat -
2 3B
t+i vy9 [d [1_ - -
ni Aaz [ dt [n az ] ] 0 (1.1)
and
2 2 V2 2 2
a 2 d ] A Jd 2 d 2
(2= - 28] n = 2 3 (15,2 4 2 (3 (1.2)
at? 8 322 2 az? ¥ az?

where B, = By + iBy, Vv is the z-component of the fluid velocity, n is

the density, va=Bo/V(47p) is the Alfven speed, Nj the proton
gyrofrequency, Ccg the isothermal sound speed, and d/dt= 43/9t + vd/9z
Both By and n have been normalized to their background values (B, and

No respectively). The harmonic solutions to (1.1) and (1.2) with B!
independent of 2z are 3just the Alfven-Ion cyclotron modes investigated
by Abraham-sShrauner and Feldman (1977).

We are interested in modes with small but nonzero fluctuations 0On
and v in the density and velocity respectively. To this end, we
linearize (1.1) and (1.2) with respect to these quantities. Further-
more, we insert an Alfven wave with slowly varying amplitude, viz.,

i(kAz - W, t)

B, = b(z,t) e - (1.3)

where Wot = Wa ( 1 ¥ Wp/2M ) and assuming Wp<<Nj with wp = ka va. At
this point, the modulational instability calculation proceeds by
perturbing the b = constant solution with fluctuations Ob, O0n, v all
varying harmonically in space and time. Such a —calculation yields
instabilities with e-folding lengths = 102 AU.

Here, following Zakharov (1972) we search instead for soliton
solutions of (1.1)-(1.2) with a wave amplitude in (1.3) given by

b(z,t) = b  sech [ k(z-Vt) ] eloW t ' (1.4)

keeping terms to third order in Ibl and assuming b varies slowly
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compared to the original Alfven wave. This process yields self-
congistent constants Vv, kK, and 0w given by

“a
Vo= v, [ 1 - 2 ] (1.5a)
i
k,b n./w 1/2
A" o 1" A
K = 5 [ 1-8 ] (1.5b)
and 2
w, Ib_lI
Bw = - B O (1.5c)
8(1 - 8)
for values of the ratio of sound to Alfven speed squared (B8) << 1 and
for the wo+ (left hand polarized) wave, The density (in non-
dimensional units) and velocity variations are given by
Ib(z,t) 1?2
ébn = —— (1.6)
2(1-8)
and
v = V 6n (1.7)

"Physically, the increased density (1.6) leads to a lower local
Alfven speed causing the associated build up in wave energy in this
region. The energy transport is achieved by forcing this material to
move at the wave group velocity (1.5a), thereby resulting in the
unchanged soliton envelope. It is not yet clear whether the solution
(1.4)-(1.9) represents a true soliton, in the sense that two such
solutions would pass through one another without interacting.

2. Turbulence Spectrum

To build a picture of a turbulent spectrum out of solitons, we
follow the work of Kingsep et al. (1973) and Yu and Spatschek (1976)
who consider an ensemble of systems with a common energy density W
(normalized to B,2/87) and length L. The various realizations
correspond to different numbers, N, of non-overlapping, assumed
identical, solitons into which +this energy is divided. The value of N
lies in the interval

1 € N £ KL

Ensemble averaging over these realizations, which we take with equal
probablities, yields an energy spectrum

Cip1? > = —i— [ ok tanh (ok) - log cosh (ok) ] (2.1)
(ok)
where
. [ w, (1-8) ]1/2
kA n18nw
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As can be seen in
the plot of (2.1) shown
in Fig. 1 (or directly
from the explicit form of
(2.1)), this spectrum is
flat at low frequencies
and falls off steeply as
k=2 at high frequencies.
Although this is
qualitatively similar to
solar wind observations
(eg. Bavassano et al.
1982; Denskat and
Neubauer 1962), it is not BRI AR R L R
yet clear whether
quantitative agreement -2 -1
can be improved within 10 10 1 10 100
the soliton description
by, eg., an alternative
ensemble average, Fig. 1. Ensemble averaged power spectrum of

COI%eCtiO“S of unequal various collections of solitons describing
solitons, etc. the same total turbulent energy.

(arb. units)
1

<Pk(N)>

c k

3. Summary

We have found a nonlinear Alfven soliton solution which we
envisage as the final state of a modulationally unstable Alfven wave.
Dividing turbulent energy in a given region into sSuch solitons and
averaging over the different possible arrangements yields a turbulent
spectrum which is flat at low k and falls as k—2 at large k. Remaining
questions concern other possible descriptions of solar wind turbu-
lence within this context and the consequences of particle-soliton
interactions for solar wind ion distributions.

Acknolwedgements
We are grateful to Hassan Shah for many detailed suggestions.

This work was supported Dby the Science and Engineering Research
Council via grant SG/D 04442,

References

Abraham—Shrauner, B. and wW.C. Feldman: Nonlinear Alfven waves in
high-speed solar wind streams, J. Geophys. Res. 82, 618,
1977.

Barnes, A. and J.V. Hollweg: Large-amplitude hydromagnetic waves, J.

Geophys. Res. 79, 2302, 1974.
Bavassano, B., M. Dobrowolny, F. Mariani and N.F. Ness: Radial

evolution of power spectra of interplanetary Alfven turbu-
lence, J. Geophys. Res. 87, 3617, 1982.

96




Belcher, J.W. and L. Davis Jr.: Large—amplitude Alfven waves in the
interplanetary medium, 2, J. Geophys. Res. 76, 3534, 1971l.

Boyd, T.J. and J.J. Sanderson: Plasma dynamics, Thomas Nelson & Sons
Ltd., London, 1969.

Chin, Y. and D.G. Wentzel: Nonlinear dissipation of Alfven waves,
Astrophys. Sp. Sci. 16, 465, 1972.

Cohen, R.H. and R.L. Dewar: On the backscatter instability of solar
wind Alfven waves, J. Geophys. Res. 79, 4174, 1974.

Denskat, K. and F.M. Neubauer: Statistical properties of 1low fre-
quency magnetic field fluctuations in the solar wind from
0.29 to 1.0 AU during solar minimum conditions: HELIOS I and
II, J. Geophys. Res. 87, 2215, 1982.

Derby, N.F. Jr.: Modulational instability of finite-amplitude, circu-
larly polarized Alfven waves, Astrophys. J. 224, 1013, 1978,

Goldstein, M.L.: An instability of finite amplitude circularly
polarized Alfven waves, Astrophys. J. 219, 700, 1978.

Kingsep, A.S., C.I. Rudakov and R.N. Sudan: Spectra of strong Langmuir
turbulence, Phys. Rev. Lett. 31, 1482, 1973.

ovenden, C.R., H. Shah and S.J. Schwartz: Alfven solitons in the solar
wind, J. Geophys. Res., in press, 1983.

Schwartz, S.J.: Cosmic ray generated anisotropic magnetohydrodynamic
turbulence, Mon. Not. R. Astr. Soc. 178, 399, 1977.

Schwartz, 8.J., W.C. PFeldman and S.P. Gary: The source of proton
anisotropy in the high speed solar wind, J. Geophys. Res. 86,
541, 1981.

Yu, M.Y. and K.M. Spatschek: Anomalous damping of ion-acoustic waves
in the presence of strong Langmuir turbulence, Phys. Fl. 19,
705, 1976,

zakharov, V.E.: Collapse of Langmuir waves, Sov. Phys. J.E.T.P. 35,
908, 1972.

97



Page intentionally left blank
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ABSTRACT

Magnetic field data from HELIOS 1 and 2 are used to test a stochastic
model for Alfvénic fluctuations recently proposed by A. Barnes. A reasonable
matching between observations and predictions is found. A rough estimate of the
correlation length of the observed fluctuations is inferred.

Introduction

In a recent paper Barnes (1981) proposes a simple stochastic model for
interplanetary Alfvénic turbulence based on the random wandering of a vector of
constant length. Let us locate this vector with the usual spherical coordinates
8, ¢ and assume it initially along the polar axis (6=0). As time advances
the tip of the vector walks over a sphere, moving at each step of an angle
e along a great circle in a random direction. In other words if the position of
the vector after N steps is (6, ¢), at the (N+1)th step the vector will 1lie
at an angle ¢ away along a great circle, whose tangent at (6, ¢) makes a
random angle V with the unit vector in the o direction. A field direction
confinement can be simulated with reflecting boundaries. This model, with
certain qualifications, reproduces the well known observational feature of the
Alfvénic fluctuations of a well defined direction of minimum variance aligned
with the mean magnetic field. The model predicts also the statistical distribu-
tions of the field directions in terms of a density of probability W(p,t)
and an integrated probability P(u,t), being u=cosé. W(u,t)du gives the probabi-
lity that after a time t the angle & that the vector makes with its initial
position has its cosine between u and u+du. P(p,t), integral of W between -1
and u, gives the probability that, at the time t, <cos6 lies between -1
and p. Figures 4 and 5 of Barnes (1981) show the evolution with time of these
functions.

An observational test of the temporal evolution of the fluctuating field
direction as predicted by the model has been performed by using interplanetary
magnetic field data (6 s averages) of HELIOS 1 and 2 (Rome/GSFC experiment). We
have selected four periods of 2-4 days in the trailing edge of high velocity
streams characterized by the presence of fluctuations whose Alfvénic character
had been already established by previous analyses (Bavassano et al., 1982a and
b). Table 1 of the latter reference gives a list of the periods considered.
Three of them refer to HELIOS 2 observations of the same stream during three
successive solar rotations. The fourth period refers to an observation of the
same stream by HELIOS 1 almost contemporary to the second of the HELIOS 2
stream encounters. To obtain a statistical description of the temporal evolu-
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tion of the direction of the measured fluctuating field we have divided the
selected periods in intervals of 20 minutes, for each interval we have deter-
mined how the magnetic field vector evolves (starting from its initial position
at the beginning of the interval) as time advances, and finally for each of the
four stream encounters we have grouped the results from the various intervals
to have statistical distributions for the parameters characterizing, following
the Barnes model, the field evolution with time. The parameters considered are
e, the angle between consecutive vectors (6 s averages), V¥, the direction
of the field variation as defined in the model, and 6, the angle that the
magnetic vector has with its initial position at the beginning of the interval.
We would note that our results do not change significantly if intervals longer
than 20 minutes are taken for the statistics. Finally, all intervals including
discontinuities as identified through automatic selection criteria (Mariani et
al., 1983) and visual inspection of the data have been rejected.

Experimental Results

In Figure 1 we show the histograms of the angles e and ¥ at the four
heliocentric distances considered. The 20 minutes intervals contributing to the
statistics are (in order of decreasing R) 111, 110, 104 and 235 respectively.
The histograms of e show that most of the values fall between 0° and 15°, A
dependence on heliocentric distance is clearly apparent, the average value of
e being 6.1° at 0.87 AU and becoming 11.0° at 0.29 AU. These histograms should
be compared with the fixed step length assumption in the model. The histograms
of ¥ do not show on the contrary any dependence on the heliocentric distance.
In Figure 1 we give only the curve for 0.87 AU, representative within 1% for
all distances. To a good approximation ¢ has a wuniform distribution, in
agreement with the assumption of the model that the direction of each step is
random.
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Figure 1. Frequency
distributions of ¢ and V. Figure 2. Frequency distributions of cosé6.

Let us consider now the evolution with time of the magnetic field
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direction in terms of the angle 6 between the current vector and its initial
position at the beginning of the 20 minutes interval. In Figure 2 we show the
frequency distributions of cos® for different delay times 1 (time elap-
sed from the beginning of each interval). These histograms correspond to the
curves of the function W of the model of Barnes (see his Figures 4 and 5),
taking care that W is a probability density. The features of the temporal
evolution of cos® are perhaps more clearly seen in Figure 3 in terms of the
integrated frequency distributions, giving the number of cases for which cosé
is between - 1 and a given value. These curves should be compared with those of
the function P given by Barnes in his Figures 4 and 5. One is easily convinced
that the experimental curves look like those of the model. When the delay time
v is small (e.g., 1=1 min) most of the values of cos® are close to 1. For
increasing 1 the distributions spread out in a quite regular way. The final
state is not very different at the various distances but it is reached more
rapidly near the Sun. This is clearly seen in Figure 3 where at 0.29 AU the
curve for 1=10 min is almost coincident with that for t=20 min (i.e., final
state is already reached after about 10 minutes), whereas at 0.87 AU they
differ noticeably (i.e., after 10 minutes some evolution is still necessary
before reaching final situation). This different time scale can be related to
the radial gradient of the angle ¢ (see Figure 1), the evolution being more
rapid near the Sun where the angle between consecutive vectors is larger.
Another experimental evidence is that our curves do not reach a uniform distri-
bution, as those of the model, and this holds also if 1 increases up to 1 hour.

S HELIOS 2

R=087 AU R=065 AU

Figure 3. Integrated fre-
quency distributions of
cosf.

NUMBER OF CASES (%)

The evolution of the frequency distributions of cosé has been also seen
in terms of variation of their moments. Figures 4 and 5 show the variation with
the delay time t of the average value of cos8, <cosé>, and of its standard
deviation, o(cos®), respectively. The changes in the histograms of cos®
shown in Figure 2 are here seen as a regular decrease of <cos6> and a
corresponding increase of o(cos6). Again it is clearly apparent that the varia-
tion is more rapid near the Sun (heavy 1line). These trends almost completely
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disappear after 10-15 minutes, with <cos6> remaining around 0.7 and
o(cos®) around 0.3 for delay times up to 1 hour. In other words most of the
variation of <cos6> and o(cos8) takes place in the first minutes (v~ 10 near
the Sun and ~15 near the Earth), after that only a very slight dependence from
¢ is found. We would notice that the observations made at 0.65 AU by HELIOS 2
and at 0.41 AU by HELIOS 1 are almost contemporary and at the same heliographic
latitude. This allows us to exclude that the observed trends are due to slow
temporal variations or heliographic latitude dependence.

«cas 6>

ST OEV. OF cos ©

H R "
< (min) T (min)

Figure 4. <cosf®> vs. T. Figure 5. o(cos6) vs. 1.

Concluding Remarks

As regards the observational test of the Barnes model we can summarize the
results as follows: a) the direction of the variation of the magnetic field, as
given by the angle ¢, has a uniform distribution, in agreement with the
assumption of the model that the direction of each step is random; b) the angle
€ between consecutive vectors (6 s averages) is of the order of 5°-10° and
increases near the Sun (in the model this angle is taken as a constant); c) the
frequency distribution of cos6 spreads out when t increases but does not
reach a uniform distribution (as in the model). In conclusion the model of
Barnes, although essentially local, can be considered in reasonable agreement
with the experimental results. On the other hand, as already indicated by the
author himself, the model can be considerably improved, for example by using a
variable step length and by simulating the confinement of the field around the

spiral direction. In this way a better matching with the observations could be
obtained.

The time scale of the variation of cos® can give some information about
the correlation time of the fluctuations. Barnes (1981) shows that, in terms of
population statistics, the autocorrelation function of the temporal series of
random fluctuating vectors is just given by the average value of cosé.

His computations show also that, with a reflecting boundary, the average value

102




of cosf initially decreases as time advances but beyond the correlation time

tends towards a constant value. Figure 4 shows that the decrease of <cosé6>
lasts 10-15 minutes, the evolution being faster near the Sun, after that this
trend almost completely disappears. We can then infer that the correlation time
of the observed fluctuations is of the order of 10 minutes near the Sun and 15
minutes near the Earth. With the knowledge of the average solar wind speed in
the different periods this gives a correlation length of ~65 R near the
Sun and ~90 RE near the Earth. Our estimate for the correlation length at 0.87
AU agrees with previous determinations near the Earth's orbit (Chang and
Nishida, 1973; Fisk and Sari, 1973; Sari and Valley, 1976; Crooker et al.,
1982). The decrease of the correlation length approaching the Sun should be
essentially related to the greater angular variability of the magnetic field
near the Sun.
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SURFACE WAVES ON SOLAR WIND TD's

Joseph V. Hollweg (Physics Department and Space Science Center,
University of New Hampshire, Durham, NH 03824

The most successful interpretation of the solar wind microscale
fluctuations has been in terms of Alfven waves. However, this inter-
pretation does not fit all data perfectly, and some authors have ques-
tioned the presence of Alfven waves. We would like to point out that
the difficulties may be resolved if the data are interpreted in terms
of Alfvenic surface waves.

Ed. note: This paper has been published in the Journal of Geophysical
Research, 1983.
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THEORY OF HYDROMAGNETIC TURBULENCE

David Montgomery
The College of William and Mary
Williamsburg, Virginia 23185 U. S. A.

Abstract

The present state of MHD turbulence theory as a possible solar wind
research tool is surveyed. The theory is statistical, and does not make state-
ments about individual events. It is unreasonable to expect ever to be able to
"explain" individual events with turbulence theory. The ensembles considered
typically have individual realizations which differ qualitatively, unlike equi-
librium statistical mechaniecs. Most of the theory deals with highly symmetric
situations; most of these symmetries have yet to be tested in the solar wind.
The applicability of MHD itself to solar wind Parameters is highly questionable;
yet it has no competitors, as a potentially comprehensive dynamical description.
The purposes of solar wind research require sharper articulation. If they are
to understand radial turbulent pPlasma flows from spheres, laboratory experiments
and numerical solution of equations of motion may be a cheap alternative to
spacecraft. If "real life" information is demanded, multiple spacecraft with
variable separation may be necessary to go further. The principal emphasis in
the theory so far has been on spectral behavior for spatial covariances in wave
number space. There is no respectable theory of these for highly anisotropic
situations. A rather slow development of theory acts as a brake on Justifiable

measurement, at this point.
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I. INTRODUCTION

One question solar wind research may ultimately have to answer for
itself is whether it will resemble geography or dynamic meteorology more closely.
Geography must concern itself with events which are specific and in a very real
sense accidental. Its use of analytical mathematics is limited and may some-
times be simply decorative. Dynamic meteorology proceeds from the assumption
that a largely complete mathematical description can be found and should be
pursued, even if the complexity of the differential equations and the incomplete-
ness of the boundary data guarantee that the program will be a long time coming
to completion (see, e.g., Pedlosky, 1979).

Much of what happens in any individual rainstorm is extraordinarily
striking, but it cannot usefully be considered in the light of a detailed
mathematical theory. It will never happen in quite the same way again. Austere
discipline is required to focus on those aspects of the weather which are at
least statistically reproducible, and therefore susceptible to a mathematical
theory.

Space physics has frequently taken the "event" as its unit of concern.
Such-and-such a set of fluctuating field signals were seen On such-and-such a
detector on such-and-such a day. Plausible hypotheses about what might have
been responsible for the signals are produced, and are buttressed by such mathe-
matics as lies ready to hand. The kind of boundary and initial data that would
be necessary to extract sharp conclusions from the mathematics are invariably
lacking, and the machinery for extracting the conclusions often also does not
exist. A rather subjective opinion is usually necessary at the end as to
whether or not the "event" has been satisfactorily "explained". This paradigm

is by now deeply ingrained, and is an unconscious ingredient in the evaluation

of many of the papers, say, which one finds in Journal 9£_Geophysical Research.
The subject is at a natural stage to begin to ask what the possibili-
ties are for meking it into a mathematically tighter and more intellectually
crisp area of endeavor. It is equally natural to inquire into the range of
available models which have been pursued in comparable and more highly developed
continuous-media situstions such as meteorology, say, Or ocenography.
The purpose of the following material is a consideration of the ade-

quacy of the available solar-wind mathematical description to the task of
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providing a comprehensive dynamical description., If precedents from nearby
subjects are any guide, there would seem to be only one serious contender as

a model for what such a mathematical description might look like. That is
classical Navier-Stokes hydrodynamics, which is the basis for such theories as
there are for the dynamics of the earth's atmospheres and oceans. Some exposure
to hydrodynamic theory will be assumed--sufficient, at least, to take for
granted the unquestioned role hydrodynamics plays as theoretical research tool
in those subjects. The following pages are a survey of the present status of
magnetohydrodynamic (hereafter: MHD) turbulence theory and its adequacy as an
off-the-shelf research tool for describing solar wind measurements. The con-
clusions are not all rosy, and the analysis of the available mathematical
descriptions and techniques leads to the belief that they should only be applied
to solar wind data with extreme caution, and perhaps with a sense of humor.

In order of ascending complexity, the possible dynamical descriptions
for the solar-wind plasma are: (1) one-fluid magnetohydrodynamics (MHD) 5
(2) multi-species, charged-fluid hydrodynamics with assumed closures for the
pressure tensors (equations of state); (3) the Vlasov description in terms of
particle distribution functions; (4) Vliasov equations modified by adding Fokker-
Planck collision terms on the right hand sides. Specialized models, such as
the Chew-Goldberger-Low approximation, which rather arbitrarily drops heat flow
along magnetic field lines, can be accommodated in various niches in the above
list.

If the expected dynamics of the system were linear and non-turbulent,
at least the first three models could be taken seriously as contenders. The
controlled fusion (CTR) community has done so, gambling on the hope that labora-
tory experimentalists will be able to produce confined plasmas whose dynamics
remain linear and at most weakly turbulent. But by anyone's definitions, the
solar wind's behavior is unmistakably turbulent and nonlinear. The fluctuating
magnetic fields, flow velocities, and electric fields are as large as anything
that can be defined as averages in the local zero-momentum frame. The time
history of any component of the fields behaves for all practical purposes like
a random variable. This is the definition of "strong turbulence", if one is
needed.

Because it is the only one of the four descriptions that is close

to being manageable, even numerically, MHD assumes the role of the only serious
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contender for a "strong turbulence" mathematical description. It is far simpler,
mathematically, than any of the others, and yet the number of strong turbulence
problems that we can handle with it will be seen to be extremely limited, even
assuming its correctness.

The following material is intended as a brief look at nonlinear MHD
turbulence theory, as it may be considered as a potential solar-wind research
tool. Section II deals with the applicability of MHD itself to a plasma with
solar-wind densities and temperatures, stressing the roles of incompressibility,
collisionality, and the proper analytical form for the essential dissipative
terms. Section III summarizes the status of incompressible MHD turbulence
theory as it has been developed so far, emphasizing the high degrees of
symmetry required if even the crudest theories are to have extractible conse-
quences. Section IV suggests some tentative implications of Sections II and
III for solar-wind research.

Anticipating the conclusions, one of them is that there is presently
available at best only an outline of a theoretical framework in which kinds of
solar wind data that have been collected could be sensibly interpreted. If we
are serious about wanting to go beyond a largely descriptive understanding of
the solar wind, a far higher fraction of our effort will have to go into under-
standing the basic plasma physics of the medium. The analytical and numerical
tools now in hand are not adequate to the demands being placed on them by the
sophisticated collection of vast quantities of data, whose quality is far

higher than any framework available for meking use of it.
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II. THE APPLICABILITY OF MHD

The one-fluid MHD equations, in the simplest form in which they might

be considered realistic, is

Vv =0 (1)

3y ] B-VB , o2
olgg * x-Vx) = ~Vp + Z-= + puVy (2)
S+ T8 = By + v, (3)

with a fluid velocity y, and a magnetic field B, a mass density p, a kinematic
viscosity v, and a magnetic diffusivity n. The solenoidal condition V-B =0,
imposed initially, is preserved by Eq. (3). p is the total pressure, magnetic
Plus mechanical, and is obtained from the Poisson equation which results when
the divergence of Eq. (2) is taken and use is made of Eq. (1).

Egs. (1)-(3) are the simplest closed-form mathematical description
known for the mechanical motions of a fluid which is both energetic enough and
electrically-conducting enough to modify the magnetic field imbedded in it.

Yet the simplicity of Eqs. (1)-(3) is misleading. We are far from being able
to give analytical solutions except in highly simplified special cases, or in
the linear limit. For reasons which are by now well known (although we will
review them later), they make demands on computing capasbility which we cannot
always expect to meet, even numerically.

Some of the assumptions which go into the derivation of Eq. (1)-(3)
are widely known, such as the neglect of the displacement current relative to
the conduction current, or the assumption that electrostatic forces are capable
of keeping the electron and ion charge densities approximately equal. Three
assumptions need to be singled out for mention in connection with the solar
wind. They are not obviously fulfilled by solar wind parameters, and the
serious failure of any one of them can leave us with a mathematical description
which is even far less tractable than Egs. (1)-(3). They are: (1) incompressi-
bility (V.v = 0); (2) scalar dissipation coefficients v and n; and (3) collision-

dominated inequalities required in the derivation of Egs. (1)-(3).
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(1) Incompressibility (V-y = 0)

Incompressibility is an undisputed feature of normal fluid mechanics
that is difficult to justify rigorously. It is usually done (Landau and
Lifshitz, 1959; Batchelor, 1967) by using estimates for the dominant force
terms in the equation of motion and their effect, through the compressibility,
on the density p of a moving fluid element. The change in density Ap for a

fluid element which experiences a change in pressure Ap may be taken to be:

b0 = s = o2 (4)
If the medium obeys an equation of state p = p(p). The sound speed is 032 = dpr/dp.
Ap may be estimated by using either the pv-Vy term in Eq. (2) or the B-VB/hm
term. (These are expected to dominate the pag/at term and the viscous term
vazy in cases which have significant amounts of turbulence.) For V, we will
use L-l, where L is a characteristic length over which the fields vary. Ap
may be estimated from the convective term, first, as of order ~pv2. In this
case, the fractional variation in density is small for a typical fluid element
if

2

A_p"’_p_y__2=‘v2/c2<<l (5)

9] QCS S

as in ordinary hydrodynamics. Then we may estimate Ap from the magnetic force

term as Ap ~ Be/hn, and instead of (5), we get

2
Ap . B
—5— ET_TEC_—? << 1 (6)

S

or that the magnetic pressure shall be small compared to the mechanical pres-
sure (B >> 1, in conventional plasma physics jargon). If there is a strong
mean field B, present which is large compared to the fluctuating B,

Ap ~ BoB/hﬂ, and (6) is replaced by

2
bo . B B
—5— WBO<<1 (7)

or that (again in conventional plasma terms) B/Bo << B.
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Though the fulfilment of conditions (5) and (7) might give some con-
fidence in (say) the applicability of incompressible MHD for a tokamak plasma,
no one of the three inequalities (5)-(7) can be said to characterize the solar
wind. Yet the solar wind, except for occasional shock transitions, often shows
surprisingly little density variation. From the point of view of considerations
presently known, this tendency toward incompressibility is still slightly

mysterious.

(2) Dissipation Coefficients

Derivations from first principles lead to far more elaborate dissipa-
tive terms than those which appear in Eqs. (1)-(3). Only those who have
actually dragged themselves through a Chapman-Enskog calculation of magnetized-
Plasma transport coefficients can probably appreciate the fragility of the
enterprise, but a widely-accepted derivation due to Braginskii (1965) [see
also: Book, 1980] yields a considerably more involved term for the viscous
dissipation than that given in Eq. (2). Reverting to component notation,
p\)V2vi should be replaced by the ion viscosity term -él BPJi/ij, where, in

a coordinate system with the z-axis along the magnetic field B,

=3

n
= - + - - - W

Py _2<;(wxx wyy) _2}_(wxx Wyy) Ny

P =-To (W _ +w )+M (W -W )+nw

vy _5_(xx ) _é_(xx yy) ¥ My

P =P =-nW +”3(w -W_)

Xy yx 1l xy 5 X yy

Pz = Pox = M¥yy - nhwyz

Pyz = oy _n2w&z ML

Pz = U (8)
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The coefficients in Eq. (8) are

n, = 0.96 nkBTiTi
_3™h
" =70 72 L o
w .T
cl 1
- ;_nkBTi ) l-n
372 wy 2 'L (9)

3kBTi/2 is an ion thermal energy, and wci = eB/mic is the proton gyrofrequency.

Ti is an ion collision time and is given by

3/2
. = 3/m; (kpT)

where m, is the ion (proton) mass, n is the proton number density, e is the
proton charge, and A is the Coulomb logarithm, typically 10 to 20. The rate of
strain tensor ij is

v, oV
=——-J-+-—}S—g-6 Vey (11)

W
Jk Bxk axj 3k

The viscosity coefficients no, nl, n2, n3, nh differ mainly by the
numbers of powers of wciTi they contain in the denominators. The largest term
for solar-wind plasmas is no. A formal estimate of the no—containing terms
at 1AU, using measured values for the length scales and typical fluctuating
velocities, leads to the concluéion that the no terms are by orders of magnitude
the largest terms in the equation of motion! There is nothing else in the
equations of motion that they could be equated to unless the coefficients
multiplying the no were themselves small. These coefficients turn out to be

linear combinations of V.v and V,.v, (here, the subscript "i" applied to a
vector means the components perpendicular to B). Only if V:y=x0 and V,-v, =0

does it appear that the viscous terms can do anything but completely overpower
every other term in the equation. This may be a more convincing argument for
incompressibility than any that can be given in the conventional way, as in
the previous subsection. It does, however, leave an additional constraint,

incompressibility in the plane perpendicular to B, which is not built into
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Egs. (1)-(3). The constraint V,*¥, =0 does come up in the Strauss (1976

Montgomery, 1982) equations of "reduced" MHD, which are appropriate to the case

of strong externally-imposed dc magnetic field (B << 1), but its content with-

out the presence of such an externally-imposed B-field is far from clear.

Finally, and perhaps most annoyingly, even if the divergences of s

and v, are small, that does not mean that the terms containing no are negligi-

ble. The jungle of terms involved in Eqs. (8) and (9) does not lead, by any

known asymptotic expansion, to a simple diffusion-like viscous term such as the

last term of Eq. (2), at the time of this writing. It is possible that we

will remain in the unpleasant position of settling for the relatively tractible

pVV v term as a crude model of short-wavelength dissipation, knowing full well

that it is not an accurate representation.

(3) Collisionality

Such expressions as Egs. (8) and (9) are the output of lengthy,
tedious Chapman-Enskog calculations which begin with a transport (e.g.,
Braginskii, 1965) equation with a Fokker-Planck collision term, and iterate
about a local Maxwell distribution. The expansion parameter, assumed small,
is the ratio of the mean collision time (Ti for ions, Te for electrons) to
the time scale T over which the macroscopic field variables vary, or equi-

valently, the ratio of mean free paths to macroscopic length scales. 1In

the solar wind, these ratios, rather than being <<1, are >>1 if standard esti-

mates are used for mean free paths and collision times. From one perspective,

it is astonishing that MHD has any relevance to solar wind phenomena. It has

been suggested, not unconvincingly, that the Fokker-Planck collision terms
which are used to compute expressions such as Egs. (8) and (9), are improper

because of the observed high level of turbulence in the solar-wind magnetic

field. Free-flight straight-line trajectories are used in evaluating collision

integrals and are cut off at a Debye length, and these may be less than appro-

priate for a particle following a tangled field line. But these are no more

than suggestions at this point, and what their implied modification of Egs. (8)

and (9) might be has not been suggested.

In summary, there are three respects at least in which the validity

of incompressible MHD with scalar dissipation coefficients might legitimately
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be doubted for solar-wind parameters. Yet is is the only contender among

mathematical descriptions which have so far proved tractable enough to lead

to any comprehensive theory of turbulent situations. Even then, we shall see

in the following section that further severe restrictions are necessary in

order to have concrete results emerge.
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ITI. MAGNETOHYDRODYNAMIC TURBULENCE

If the previously-enumerated reservations about the validity of
the MHD description are passed over, it may be noticed that a certain amount
of relatively clean theory of MHD turbulence has emerged in the last two decades.
The theory relies on certain idealizations that render it less than wholly
applicable to real-life solar wind conditions. Applicable or not, it constitutes
the only presently-existing framework in which statements about the solar wind
can be made which are more than impressionistic or anecdotal. Virtually all
of it is for the uniform-density (p = const.) case, and the incompressibility
restriction is important. No significant body of strong turbulence theory
exists for compressible fluids, even for ordinary neutral gases, and it would
be unreasonable to expect MHD to yield where the simpler compressible system
has not.

Use of the term "strong turbulence" in the preceding paragraph is
intended to differentiate it from "weak turbulence" theory, which is a perspec—
tive which has shaped most thinking about nonlinear disordered processes in
plasmas since about 1962. In weak turbulence theory (e.g., Montgomery, 1977),
the emphasis is on systems whose dynamics may be considered to be the interac-
tion of oscillatory normal modes, whose oscillation period is short compared
to the characteristic time of transfer of excitations from one normal mode to
another. Our reasons for discounting the value of weak turbulence theory in
discussing the solar wind will becaome apparent when we write Eqs. (1)-(3) in
appropriate dimensionless umits,

We first observe that there are at least three physically distinct
time scales represented in the dynamics described by BEgs. (1)~(3). If we call
a typical rms flow speed U6 (in a coordinate system moving with the local mean
velocity of the solar wind), a typical rms magnetic field strength Bo’ 8
typical suitably defined mean magnetic field <B>, and a typical length scale
over which the fields vary 1/k, then these three time scales may be defined
as follows. There are: (1) the "eddy turnover time" (kU'o)_l associated with
the fluid motions [in the solar wind, often BO~UO]; (2) the "Alfvén transit
time" (kl<B>]//EFE)—l; and (3) two dissipative time scales (k° )_l and (k2 )-l

which may be the same or different, depending upon the magnetic Prandtl number
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v/N. The situation becomes more complex when we realize that there is not

one length scale ~1/k, but a whole spectrum of scales, present at any instant,
and the UO and BO may be defined locally in the wavenumber k as well. In the
short wavelength range (large k), the dissipative effects may be dominant,
while at large scales (small k) they may be negligible. There is no sharp
dividing line where one passes from one regime to another.

Weak turbulence theory assigns orders of magnitude to its time scales
of its excitations once and for all, and makes no provision for these to change.
Its limitations are apparent in any situation in which there are fluxes of
excitations in k space which move from one regime to another.

The point is that it is unacceptable to neglect any of the terms
in Eqs. (1)-(3). It is important to resist the temptation to try to treat a
limited range of k in dynamical isolation from the rest, making approximations
there that do not apply elsewhere in k, because of some inequalities which
obtain locally. Egs. (1)-(3) are a package, no part of which can be ignored
without peril. It might be argued, as in Sec. II, that more terms are needed
in Egs. (1)-(3) to do justice to the dynamics of the solar wind; if so, then
the effect is to complicate an already almost prohibitively difficult problem.
It cannot be argued that terms can be dropped because they may be "small" in
certain ranges of k.

For the solar wind, Uo and the Alfvén speed C, = Bo//Eﬂp are compar-

A
able in the zero-momentum frame. -The coefficients v and n are uncertain for
reasons already given, and may not even be well-defined. If the Spitzer formu-
la for the conductivity ¢ is adopted, n = c2/hﬂo. If we use the Braginskii nl

to estimate the viscosity, then v = nl/p. We get, in cgs units,

o ~2.5x lO15 sec'l

v~ nl/p ~ 3x th cm?/sec,

3

at a number density of n ~ 10 cm ~ and a temperature of 105°K. Both UO and CA

are typically 2 or 2.5 x lO6 cm/sec, and the most typical length scales have
been measured to be L ~ 10- cm [e.g., Matthaeus and Goldstein, 1982].

We rewrite all velocities in units of Uo = Bo//ﬂﬁ—, all lengths in
units of L, all times in units of L/Uo’ and all magnetic fields in units of

B . The dimensionless version of Egqs., (1)-(3) becomes
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V-.y=o, (12)

9y CUe = ) 1 g2

st Y W=-Vp+B- B+ VY, (13)
and

oB =% . 1 g2

The dimensionless numbers R and S are the Reynolds number and magnetic
Reynolds number, respectively: R = UyL/v and S = CAL/n = UOL/n (since U6*Bo/ﬂzﬁ—,
here). For the numbers cited, R ~ 1012 and s ~ 1013, These large values put
us far into the regime of high Reynolds number turbulence, which is the domain
of applicability of such theory as we have (e.g., Batchelor, 1970; Panchev, 1971).
The picture of high-Reynolds number fluid turbulence which has served
as a model for the recent development of magnetofluid turbulence theory is due
to Richardson, G. I. Taylor, and Kolmogoroff, and is elegantly summarized and
developed in the classic monograph by Batchelor (1970). It does not make
reference to specific solutions of the dynamical equations, which are regarded
as irreproducible random variables. Instead, statements are made about ensemble
averages, indicated by angular brackets < >, which are hoped to be relatively
smooth and reproducible. Thus Bi’ a measured component of the magnetic field,

might be divided up into a "mean" plus a "fluctuation" éBi:

or B

. <B.> + 8B, ,
i i i

(15)

V.

<v.> + §v,
i i i

for the velocity field, and so on.
What the brackets < > mean experimentally is a tricky question.

Ideally, they should represent ensemble averages over a very large number of
experiments prepared in the same way, based on measurements made after a fixed,
elapsed time. Even in the laboratory this is difficult, and in the solar wind
it is out of the question. What must be done is to conjecture something like
an ergodic hypothesis, which makes it possible to equate phase space averages
(or ensemble averages) and time averages. Because there is in the solar wind
an inevitable relative velocity between the solar wind plasma and the measuring

instruments, these time averages are really averages over a space-time trajectory,
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in the zero-momentum frame. By the time the various symmetries necessary to
interpret the data have been invoked, one has assumed a certain fraction of
the consequences that one would, ideally, have liked for the experiment to
demonstrate. A shaky consistency is often the most conclusive imaginsble
outcome.

Very nearly all the results so far on MHD turbulence concern the case

of homogeneous turbulence, for which the statistical properties of the fields

Bi(g, t), vi(g, t) are independent of x. One conventionally works in the
zero-momentum frame, <vi> = 0. If the direction of the magnetic field is not
externally constrained in some way by boundary conditions, then <Bi> = 0. The

quantities of theoretical interest then are mostly derivable from the covariances

\i’j(x, ) = <y, t) vilx + 1, £)> (16)
Rﬁj(g, t) = <Bi(5, t) BJ(g +r, t)> (17)
R?;(g, t) = <v (x, t) Bj(g +r, t)> (18)

which, by the assumption of spatial homogeneity, are independent of x.

Virtually all serious theoretical attempts in both fluid and magneto-
fluid turbulence so far have centered around such quantities as these covari-
ances. Attempts to calculate sz, REJ, R?§ from a closed, deterministic dynami-
cal description have displayed great ingenuity and some results, but nothing
that is of obvious use for explanation of solar wind phenomena, so far.

Analytical approaches to data have been concerned with the rotation-

ally isotropic case. In this case, the tensor description of Eqs. (16)-(18)

contracts drastically. The R? (x, t), for example, may be Fourier-decomposed

J
as
B _ B ik-r
Rij(g, t) = fdk Sij(g, t)e
where 5 kik.~k26i.
= S Jd.1d
5;5(k, t) = Egk, t)( .3 ) (19)

with a single scalar variable EB(k, t) determining the evolution of the covari-

ance. EB(k, t) is the energy spectrum, and is related to the rms fluctuating
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field variable 6B by

<(5§)2>

= [ E_(k, t)dk. (20)
8m 0 .

Eq. (19) does imply rotational isotropy, and the presence of a finite mean

<Bi> will not in general permit this. Analytical impediments to a deductive
theory are best illustrated by illustrating the dynamics in a Fourier decomposi-
tion of v and B over a large cubical box, assuming periodic boundary conditions:
ik-x

~

v(x, t) = L_v(k, tle

kex (21)

ov}

(x, t)

n
[ne]
H{vs)
—~
e
M
ct
N
17

-~

If we make up a large column vector whose ith element Xi can be the real or
imaginary part of any component of any one of the expansion coefficients B(k, t)
or v(k, t), the Fourier decomposed structure of Egs. (12)-(14) can be written

symbolically as [see, e.g., Orszag 1977, or Kraichnan and Montgomery, 1980]:

3t - gk Cigx %% T ViE (22)

where the coupling coefficients Cijk are known, and of a kinematical nature.
The dissipation coefficients vi come from the viscous and resistive (linear)
terms, and generally increase quadratically with increasing wavenumber magnitude.

The essential problem with any analytical approach to Eq. (22) is
that the nonlinear (quadratic) terms are much larger, throughout most of k-space,
than the linear dissipative ones. No linearization can be justified. The
inequality is measured by the Reynolds numbers R and S, so. that, particularly
for the solar wind, the nonlinearity may be expected to be strong.

Attempts at ensemble avaraging moments of the Xi lead to an acute

closure problem exemplified by (e.g., Orszag, 1977) :

a 2 2
3t <xi /2> + \)i<xi >
< >
ji. ci!jk xjxkxi (23)
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with a corresponding equation for the time derivative of each nth moment in
terms of the (n + 1)st.

The situation is reminiscent of the BBGKY hierachy derived from the
Liouville equation, with the difference that no small parameters suggest them-
selves as bases for perturbation expansions. Great ingenuity has been brought
to bear, particularly by R. H. Kraichnan (1959, 1964, 1975), on the problem of
closure approximations for the moment hierarchy derived from Eqs. (22). The
calculations are lengthy, require (Kraichnan, 1964) extensive numerical analysis,
and so far have been limited to the isotropic case, Their generalization to
anisotropic cases poses formidable problems, and has not been done.

Eq. (23) expresses the growth or decay of the energy in a particular
Fourier mode as a sum of a large number of contributions from interacting triads
of modes whose wave numbers sum to zero. Physical intuition is of limited
utility in assessing the cumulative effect of the large number of these terms
which contribute to each mode: +the expansion in Fourier series (or other
orthogonal functions) leave behind any simple resolution into forces and responses,
"frozen-in field lines", or any of the other readily visualizable but often non-
quantitative conceptualizations in terms of which MHD has often been discussed.
The cijk’ or modal interaction coefficients, are smoothly-varying functions of
wavenumber where they are non-zero.

The statistical mechanics of the system (22) with all the dissipation
coefficients Vi set = 0 is tractable. 1In the cases investigated (Navier-Stokes
and MHD in two and three dimensions), truncation at a large but finite number of
expansion coefficients and equations has led to systems which seem to be ergodic.
Time averages of phase functions are predictable as ensemble averages (canoni-
cal or microcanonical) based on the constancy of those invariants which are
still invariant after the truncation. These conclusions have been repeatedly
verified numerically [Seyler, et al, 1975; Fyfe et al, 197T7a,b; Kells and
Orszag, 1978], and they need only to be alluded to here.

The difficulty is that the dissipative terms, if non-zero (vi # 0),
modify the dynamics qualitatively. Even though they may be relatively small
over a good part of the wavenumber space, they in effect "pull the plug" at

the high end of wavenumber space. Because they originate from terms like vV2y

and nveg, they become arbitrarily large, when Fourier-represented, at the large
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values of k. The effect of the (conservative) nonlinear terms is basically

to scramble, in virtually a stochastic way, excitations from one value of k to
another. Those excitations that find themselves at large values of I%l get
gobbled up by dissipation. The flow in k space tends to be toward those regions
which are deficient, relative to the predictions of the non-dissipative equili-
brium ensembles. The nonlinear scrambling terms continually try to replenish
the excitations which are being drained away at high k. Raising the Reynolds
numbers R and S in Egs. (13)-(1L) only increases the "dissipation wave number',
at which the dissipation sets in, but does not make it go away. The prevailing
opinion is that the integrated dissipation rate for Egs. (13), (14) remains
finite even as R +~ ® and S - . This gives transfer from one part of the wave-
number spectrum to another a central role in the dynamics that it does not

have in linear, or nearly linear, systems.

Very large numbers of Fourier modes are required to resolve all the
dynamically important spatial scales, as R, S become large. This provides
severe limits on numerical attempts to solve Egs. (13) and (14). A pessimistic
rule of thumb is that one grid point (or finite element, or Fourier coefficient)
per dimension per unit Reynolds number is required. Thus, a three-dimensional
(6&)3 simulation (which will not quite fit in core on a CRAY-1) would be required
to resolve turbulence with a Reynolds number of 64. This requirement can be
relaxed somewhat, but not by an order of magnitude---a Reynolds number 1000 run
could probably not ever be resolved on a (6&)3 grid, if the Reynolds number
were to be based on the mean length scale in the flow. When one begins to talk
about Reynolds numbers many orders of magnitude larger, the real limitations
of foreseeable computers, in dealing with turbulence, become apparent.

Dimensional analysis, applied to isotropic, homogeneous situations,
have led to predictions of power laws in wave number space for the energy spectra
EB(k), E, (k) in different situations. The predictions differ from fluids to
magnetofluids, and from two to three dimensions. They are virtually the only
simple, testable analytic predictions that four decades of turbulence theory
have been able to come up with. There are ingenious closures of the hierarchy
of which Eq. (23) is the first member, but they are not simple, and so far
they all assume higher degrees of symmetry than the solar wind has been shown
to possess. These dimensional analysis arguments can be grouped under the

rubric of "cascade theory".
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High Reynolds number turbulence theories and computations have
been formalized around two general classes of situations: "forced" and "decay"
situations. These are at best loose approximations to actual physical cases,
but they are as close to a universal or situation-independent problem as can
be isolated. Because the magnetofluid equations are dissipative, a turbulent
field will eventually decay away, and one can seek features of the decay which
may be insensitive to initial spectra. Steady-state situations require a
source of excitations, or "forcing", that is balanced against the dissipation
rate, averaged over time. The nature of the forcing, often regarded as band-
limited in wavenumber space, is usually not restricted very specifically, and
is often modelled by a random function. The search in turbulence theory, as
elsewhere in physics, is for soluble situations from which a universal, repro-

ducible, and transferable core of general behavior can be extracted.

Cascades and Inverse Cascades

Power laws and cascade processes are expected for forced situations,
not for decaying ones, unless there is reason to believe that the lifetime of
the long-wavelength components is sufficiently great that the short wavelength
components cannot distinguish them from a maintained "source'". Under circum-
stances that have been discussed at great length in the published literature,
the following table (Table 1) shows what has been done so far in the way of
conjecturing and establishing inertial subrange exponents for fluids and magneto-
fluids.

There is insufficient scope within this article to review in detail
the evidence and arguments for and against inertial-subrange power laws which
have been accumulated. There is little doubt that the question of exponents
has come to occupy more of the territory than it deserves, to some extent
because there are concrete theoretical predictions. The exponents derive not
from any dynamical arguments but from conjectured similarity variables. Deriv-
ing them from dynamics has been the most pursued of all subjects in turbulence
theory, but no wholly satisfactory resolution has been achieved. Even if it

were achieved, relatively little light would be shed on the dynamics of the

solar wind.
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Table 1

Situation NAVIER-STOKES, NAVIER-STOKES, MHD, MHD,
3D 2D 3D 2D
Cascaded ENERGY ENERGY & ENERGY & ENERGY &
Quantity ENSTROPHY MAGNETIC MAGNETIC
HELICITY POTENTIAL
Direction ENERGY UP ENSTROPHY UP, ENERGY UP, ENERGY UP,
of Cascade ENERGY DOWN HELICITY MAGN .
in k space DOWN POT. DOWN
Predicted k‘5/3 k’3, k'5/3 k_5/3 or k"5/3,
Power Law, k—3/2 k-l k-l/3
Energy KOLMOGOROFF- KRAICHNAN (1967), ’
Spectrum OBUKHOV (1941) BATCHELOR, FRISCH et FYFE et al
LEITH al (1975)% (1977p)
Experimental GRANT, MATTHAEUS &
Verification STEWART, & NO GOLDSTEIN NO
Attempted MOLLIET (1962) (1982)
Computation- FYFE et al, FYFE et al
al Verifica-  NO (1977) NO* (1977)
tion [insufficient [insufficient

Attempted

spatial resolu-
tion]

spatial resolu-
tion]

* See also Meneguzzi et al (1981).

Table 1.

references are cited in bibliography.

Cascades, Inverse Cascades, and Power Law Predictions.

Original
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The strongest single limitation which the present cascade and inverse
cascade theory may have when applied to the solar wind concerns the assumption
of isotropy, which underlies all of the predictions listed in Table 1, and all
of the dimensional analysis arguments formulated in the Kolmogoroff style since
1941. We are virtually certain that the solar wind is not isotropic, and the
weaker assumption of axisymmetry may be regarded as open to serious legitimate
doubt. It is naive to regard the removal of the isotropic restrictions on
cascade power-law predictions as only a technical point which is sure to be

overcome soon; its status is at present very dark, and no resolution is in sight.

Selective Decays

An even more tentative class of generalizations, not without implica-

tions for the solar wind, are those processes called selective decays, in which

all the fields decay as in the initial value problem, but some of the global,
non-dissipative invariants may decay less rapidly than others. Qualitatively,
there are two possible reasons for this. First, the dissipation is effective
only at the shorter wavelengths, and quantities transferred to long wavelengths
may simply stay out of reach of the dissipation. Second, dissipation integrands
for some variables may be peaked at higher wavenumbers than for others and to

be more effective at dissipation for this reason. Arguments and computations

for these possible "selective decay" processes have been presented by Montgomery,
Turner and Vahala (1978), by Matthaeus and Montgomery (1980), and by Riyopoulos,
Bondeson, and Montgomery (1982).

Each such selective decay process, if valid, would imply a tempor-
ally decreasing magnitude of the ratio of two of the ideal invariants: energy
to magnetic helicity for 3D MHD, for example (Taylor 1974 made use of such an
assumption in predicting asymptotic states of decaying toroidal Z pinches). A
variational problem arises by minimizing this ratio, which often has for its
solution a relatively simple Euler equation which predicts a quiescent state.
Needless to say, this is an attractive possibility. If the tendency of highly
disordered turbulent motions is to decay to some universal non-trivial quies-
cent state, regardless of the path of the decay, then this is indeed a wonder-
fully simple ingredient to add to the few pieces of general information we

have about turbulence.
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For example, if for 3D MHD, the energy-to-helicity ratio were to
decay toward its minimum value, this is simply a force-free state, a solution
of VxB = A@, where A is a Lagrange multiplier, and v = 0 everywhere. For
2D MHD, the decay of energy to mean square magnetic potential again leads to
a quiescent state with a mean magnetic field derivable from a vector potential

B=VxA=Vx A@Z, where
(V5 +2 2)a = 0.

Some numerical evidence has been presented for both of these kinds of selective
decays. The results are encouraging but should be held with extreme caution;
the conclusions are difficult to document and expensive, and very few runs have
been carried out [Matthaeus and Montgomery 1980; Riyopoulos et al 1982].

A second class of decay hypothesis, not entirely consistent with the

first, concerns the ratio of the cross-helicity (another ideal invariant) to

the energy. The ratio

a constant in the absence of dissipation, has been shown under some circum-

stances to increase monotonically (Grappin et al, 1982; Matthaeus, Goldstein,

and Montgomery 1982) with time in the presence of dissipation. This increase

points to an equipartitioned state, certainly not quiescent, with vy = IB.

From the point of view of solar wind observations, this is an attractive

possibility, because many observations, from Belcher and Davis (1971) on,

have shown solar wind velocity fields and magnetic fields to be closely aligned

or anti-aligned. These are sometimes referred to as "Alfvénic fluctuations".
The paradox of MHD turbulence's tending apparently both to states

in which RHc is maximal and helicity to energy is also maximal is an example

of the wide-open character of research into MHD turbulence. There is compelling

evidence for both conjectures, but both cannot be simultaneously true. If

either is true, it may well determine the asymptotic state toward which solar

wind turbulence is trying to decay.
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IV. SUMMARY

MHD turbulence theory provides the most nearly adequate framework
in which to discuss the physics of solar wind turbulence. The collected data,
however, are far superior both to the available justification of the MHD des-
cription and to its systematic development for turbulent fields which lack
high degrees of symmetry such as rotational isotropy. Understanding the physics
of the solar wind at the present time is probably more limited by the unanswered
questions in turbulence theory than by any scarcity of measurements. Expanded
experimental programs to probe solar wind turbulence, such as that advocated by
the 1980 Plasma Turbulence Explorer Panel (Montgomery et al, 1980) would require
a considerably broader attack than has so far been mounted on the basic plasma

physics of the turbulent medium.
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SIMMARY OF THE SESSION ON SOLAR WIND ACCELERATION
R. MacQueen

Neugebauer set the stage for the following theoretical papers by
summarizing the 1 AU observed properties of three classifications of solar
wind flows - transient, sector boundary and coronal hole. She included in the
former category a synthesis of previous work on helium-enriched events,
alpha-particle flux enhancements, low proton and low electron temperature
events, high ionization signatures, helium plus enhanced occurrences and
magnetic clouds.

Leer considered thermally-driven wind theory and stressed the relative
roles of energy and mass flux in determining the flow kinetic energy. He
noted that the effects of addition of energy or momentum into the corona would
affect the wind properties differently, depending upon the spatial region of
input. Finally he suggested that Alfven wave input into highly divergent
geometries might result in energy deposition into the region center, due to
wave refraction.

Olbert discussed the dynamical implications of non-local heat transport
owing to the presence in the corona and solar wind of a large suprathermal
tail in the electron velocity distribution function. He concluded that such
heat transport provides the possibility of producing high-speed solar wind
streams in the absence of energy addition to the solar wind above the coronal
base. (Ed. note. Scudder”s closely related paper is included in this
chapter although the papaper was given in another session.)

Seuss summarized two dimensional, numerical magnetohydrodynamic modeling
of the near solar wind flow, particularly (a) the case of the flow field
interaction with a dipole magnetic field, and (b) the case with a highly
divergent field representative of conditions in coronal holes.

Wolfson considered the suggestion of R. N. Thomas that an intrinsic
stellar mass flux is the major factor determining the properties of stellar
winds, and found that this suggestion is not consistent with the principles of
steady gas dynamics.

Habbal, Tsinganos, and Rosner presented a theoretical model of an
isothermal stellar wind in which either momentum addition or rapld divergence
of flow tubes would lead to multiple transonic solutions, all but one of which
exhibit a shock transition near the base of the wind.

Akasofu conjected that small bipolar regions, associated with x-ray
bright points, may dynmically evolve to provide acceleration of material into
the solar wind.

Rottman and Orrall surveyed UV rocket measurements of the outflow of
material in the transition region and low corona. From four rocket flights
sampling a variety of hole conditionms they showed that coronal-hole associated
outflow ranged from 5-10 km/sec to 10-15 km/sec in the transition region and
low corona, respectively.

Gold briefly presented multi spacecraft observations in support of his
suggestion that, in the late 1960°s, two time scales existed for development
of flows from stationary objects on the sun - 2 days and longer.
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OBSERVATIONAL CONSTRAINTS ON SOLAR WIND ACCELERATION MECHANISMS

Marcia Neugebauer
Jet Propulsion Laboratory
California Institute of Technology
Pasadena, CA 91109

ABSTRACT

A complete theoretical understanding of the acceleration of the solar wind
must account for at least three types of solar wind flow: high-speed streams
associated with coronal holes, low-speed boundary layer flows associated with
sector boundaries, and both high~ and low-speed flows associated with impulsive
ejections from the Sun. The properties of each type of flow are summarized.

Types of Flow

Three types of solar wind flow are considered for the purpose of placing
observational constraints on theories of solar wind acceleration. These are:
the fast, hot flow from coronal holes, the slow, dense, cool flow near sector
boundaries, and transient flows. This trichotomy is simply a convenient system
for describing extremes of solar wind behavior, and should not imply that three
and only three distinct theories of solar wind acceleration are required. A
single steady state theory could perhaps explain both the hole and the boundary
flows, but such a theory would have to include an explanation of the sharp
latitude and longitude boundaries of high-speed streams from coronal holes
(Rosenbauer et al., 1977; Schwenn et al., 1978). It is also possible that there
are solar wind flows which are not included in this three-way classification.
For example, Burlaga et al. (1978) and Levine (1978) have presented evidence for
the existence of flows from magnetically open regions of the corona which are
neither holes nor streamers. Even if such flows are important contributors to
the solar wind, however, they are not included in this survey because their
properties have not been determined.

The first transient flows to be identified were the driver gases behind
interplanetary shocks. Their properties are discussed in the paper by Zwickl et
al. in these Proceedings. Observations of coronal transients and mass ejections
have led to a realization that there are transient inputs to the solar wind
which are not associated with either flares or shocks. Approximately 70% are
associated with eruptive prominences (Munro et al., 1979), many of which are not
sufficiently energetic to yield an interplanetary shock.

Table 1 compares the properties of the several types of impulsively ejected
plasma which I believe are really different manifestations of one class of
plasma flow. The numbers in this table were either compiled from the referenced
work or computed from King’s (1977, 1979) Interplanetary Medium Data Tape (IMDT)
using the authors’ lists of event times. The composition and the thermal and
magnetic properties of the differently named events are all quite similar.
Transient flows occur in both the low-speed and the high-speed solar wind.
Their plasma density is highly variable, both from event to event and within a
single event. Most of the material added to the solar wind in transient events
is the hot coronal material originating in a large region of space above a flare
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Table 1.

Properties of different manifestations

of transient flows

High e Rbund.
Type: He Enrichment | Anom low Tp Low T Ionization Het Enhancements| Magnetic Clouds
Reference: Hirshberg GosTing nt gomery Bame Schwenn Borrini KTein & Buriaga,
et al, 1972 et al, 1973 | et al, 1974 et al, 197 et al, 1980| et al, 1982 1982
Fenimore, Zwickl
1980 et al, 1982
Definition: n ost shock e <6x104 Tee > recognizable nv duration ~ 1 day
"% z .18 r Tp <2x10° x ¢ F8.3 x 106 ak at nu : 2.10 B>10Y
(3%3 -1) M/Q = 4 PP large 48,
Speed, km/s
range 358-655 411612 345-616 360-500 281-674 318-665
average 546 532 478 434 417
Nny cm'3
rénge 2.6-9.9 2.5-20 6.5-50 1.8-51 2.5-2
average 6 7 10 12
Tps 10% 7 3 Tow in 433 1.5-3 6 7
Tes 10% 5 Tow 1n 43%
"u/"P L21(pk) . IB(pk) 435>, ,025-.094 >.10
Tonization Tpe ® 2.3 4 mixture "Anom,
temp. 17x106 high"
Qg+ erg/cm?s ~1x10-3
Bz, Y 11 6.8 7.3 8.5 10.6(pk = 12)
B+ nkT,
local max Tocal max
. 8mnkT
8 - 0.3 0.3 0.2 0.2 - 0.5
Shock assoc. | 75% 100%(deT'n) | B33 444 75% L2} 3%
Duration s36 h 10 - >80 hr 16 hr A 1 day ~ T day
No. events 14 1Z 13 14 [} 73 45

site or an erupting prominence.
much cooler prominence material itself,

A small fraction of the ejected mass is the
which can evidently pass through the

corona without reaching ionization equilibrium with the surrounding gas. In

this way both unusually high and unusually low ionization states, and sometimes
mixtures of the two, can be associated with transient flows. The combination of
high ionization state and low kinetic temperature suggests that the gas has been
cooled by greater than average expansion and/or that heat conduction has been
inhibited, perhaps by disconnection of the magnetic field from the Sun. The
electron heat flux is less than usual, with both superthermal and energetic
electrons streaming along the field nearly symmetrically towards and away from
the Sun (Palmer et al., 1978; Bame et al., 198l1). The picture which has emerged
is that the magnetic topology is closed, either with the field closing on itself
in a bubble configuration or with both ends of the field lines remaining
attached to the Sun.

Correlations of solar wind observations with x-ray and EUV observations
obtained by Skylab 1in 1973-4 indicated that coronal holes are the source of
long-lived, high-speed solar wind streams (Krieger et al., 1973,1974; Nolte et
al., 1976). Feldman et al. (1976; 1978) and Bame et al. (1977) have summarized
the properties of those high-speed streams observed between 1971 and 1974 which
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attained speeds > 650 km/s. These streams were broad, extending over solar
longitudes ranging up to 159°; the average FWHM was 89 +340. At 1 AU, the
plasma in these streams is less dense, much hotter, and has less helium than the
plasma from impulsive ejections. The hour-to-hour variability of plasma
parameters within these streams is also much less than in low-speed flows (Bame
et al., 1977).

Comparison of coronal observations with solar wind data shows that the
plasma in which long-lived sector boundaries are embedded probably originates in
helmet streamers which separate the flows from neighboring coronal holes (Hansen
et al., 1974). The coronal temperatures of boundary flows estimated by Feldman
et al. (1981) from heavy ion charge states are consistent with streamer
temperatures.

It has long been known that sector boundaries preferentially occur in low
speed, low temperature, high density plasma (Wilcox and Ness, 1965; Ness et al.,
1971). To this body of knowledge, Borrini et al. (1981) have added the
observations that the helium abundance, the differential flow between alphas and
protons, and the alpha to proton temperature ratio all reach local minima near
sector boundaries.

The electron temperature, electron heat flux, break-point energy between
the thermal and the nonthermal electron distributions, and the electron strahl
strength all exhibit local minima at sector boundaries (Pilipp et al., 1981;
Feldman et al., 1981). Helios data also show that the electron temperature at
sector boundaries decreases adiabatically with distance from the Sun, unlike the
electrons in high speed streams, which cool significantly more slowly. From
these data, Pilipp et al. concluded that the field lines within the sector
boundary have become disconnected from the Sun. On the other hand, the visual
form of coronal streamers suggests an open magnetic topology. The postulated
reconnection may occur only within the small scale, often complex structure of
the sector boundary. Further evidence for reconnection associated with sector
boundaries is presented below.

Figure 1 summarizes my categorization of different solar wind flows. It
could be misleading to average solar-wind properties as a function of solar-wind
speed (although I am one of many people who have done this in the past), because
two or more different acceleration processes contribute to the sample at any
speed.

CORONAL
HOLES

BOUNDARY
LAYERS

Figure 1. Suggested relation between various types of solar wind flow.
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Comparison of Flow Properties

Figures 2 and 3 illustrate the similarities and the differences between the
properties of the three different types of flow.

Transient flows are represented by a superposed epoch analysis centered on
the onsets of the helium abundance enhancement events listed by Borrini et al.
(1982). Many of the plots in Figures 2 and 3 nearly reproduce those given by
Borrini et al., with some minor differences arising from my use of the IMDT
rather than the Los Alamos data alone. Figures 2 and 3 contain several solar
wind parameters which were not calculated by Borrini et al.

Boundary flows are represented in Figures 2 and 3 by a superposed epoch
analysis around 45 sector boundary crossings observed between December, 1972,
and September, 1975, during the period of low solar activity and recurrent
streams from coronal holes. This time limitation was made in an effort to avoid
inclusion of reversals of field direction associated with transient flows. For
this reason, I have included fewer sector boundaries than were used in the study
of Borrini et al. (1981). It is usually the case that, by the time it has
reached 1 AU, the fast plasma from a coronal hole has overtaken the slower
plasma from its leading sector boundary. There were 9 sector boundaries
included in my sample for which the arrival of the leading edge of the
high-speed stream was at least a day later than the passage of the sector
boundary, a separate superposed epoch analysis was performed on these sector
boundaries, and are labelled '"mo stream' in Figures 2 and 3.

Average properties of the high-speed streams from coronal holes are
represented by horizontal lines on the right-hand side of the sector—boundary
plots. The averages were computed by combining start and stop times of the high
speed streams listed by Feldman et al. (1976) with the hourly average solar wind
parameters from the IMDT. Feldman et al. corrected the data taken at 1 AU for
the evolution of the high speed streams between 20 solar radii and 1 AU, but
where there is overlap, my results agree with theirs within 20%.

Figure 2a shows superposed epoch plots of solar wind speed for +3 days
around an HAE or a sector boundary. There is no obvious trend in the plot for
HAE’s; by 1 AU the transient plasma travels at the same speed as the ambient
plasma. On the right side, onme can see the low speed associated with sector
boundaries as well as the increasing speed associated with the encroaching
leading edge of the following coronal hole flow. The relative noisiness of the
curve for HAEs compared to the '"all" sector boundary curve arises from the
combined effect of data gaps and the large range of speeds included in the
sample.

Proton density is plotted in Figure 2b. The only trend associated with the
transient events is the modest (30 %) increase several hours before the zero
epoch time, probably indicating pile up of plasma ahead of the expanding
transiently ejected plasma. Again, the event to event variance is large.

There is a definitec density enhancement at sector boundaries. Comparison
of the two curves on the right side of Figure 2b shows that a large part of the
signal is, however, caused by the compression at the leading edge of the
following high speed stream. The '"no stream' data show two density peaks, one
at the sector boundary and a larger one on the leading edge of the stream.
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Figure 2c shows the product of density and speed, or the proton flux. The
flux is roughly the same, (4 + 1) x 108 cn2 s'l, for all three types of flow,
and consistently less than in stream interaction regions.

The proton momentum flux (n_ m_. v 2) is plotted in Figure 2d. The values for
the three different types of ifﬁ%pare remarkably similar, in agreement with
studies by Steinitz and Eyni (1980) and Steinitz et al. (1982). The difference
between my value of 3 dyne cm ™2 (based primarily on IMP data) and the Steinitz
et al. value of 2 dyne cm™2 (based on Mariner 2, Vela 3, and Helios data) may be
largely explained by systematic differences between instruments. Density is the
least accurately determined parameter; it could be in error by 30%Z, perhaps
more. See Neugebauer (1982) for a discussion of the accuracy of solar wind
measurements.

Figure 2e displays the variation of energy flux, n_v_(m.v 2/2 + m M G/r.),
where the second term accounts fgr the work done agai sg sglgr gravigy. fhe
energy flux is close to 2 erg cm s™l for each of the three types of flow. The
invariance of this parameter was not tested by Steinitz and coworkers.

Figure 3, in the same format as Figure 2, shows the distribution of
internal energy 2n the plasma. Proton temperature (Figure 3a) reaches a minimum
of about 5 @ 10" K in both transient and boundary flows, as opposed to a very
hot 2.3 x 107 K in coronal hole flows.

In Figure 3b, it can be seen that the magnetic field reaches a broad local
maximum in transient flows and a narrow local minimum at sector boundaries. The
field in coronal hole flow is similarly low.

The sum of the proton and magnetic pressures is plotted in Figure 3c,
illustrating the local pressure maximum in transient flows mentioned earlier.
Although the local minimum at sector boundaries is probably not statistically
significant, it is possible that the plasma is locally falling into the sector
boundary.

Figure 3d shows B = 8wn_kT /BZ, which is lowest in the transient flows and
highest at sector boundaries.p

Finally, we consider the ratio B_/n v_, where B_. is the radial component of
the interplanetary magnetic field. Tﬁispr%tio shoulﬁ be independent of distance
from the Sun and unaffected by stream interactions if the field is frozen into
the plasma and develops no kinks large enough to cause a local reversal of the
sign of B.. Figure 4 shows hourly averages of selected solar wind parameters
for the solar rotation starting February 10, 1974. From top to bottom are
plotted the solar wind speed, the logarithm of the proton flux, the logarithm of
Br/n v, and the longitude angle of the interplanetary magnetic field direction.

P .
The amglltude of the variation of Br/n v_ 1s about an order of magnitude greater
than the amplitude of the variation g%pnpv . Particularly noteworthy are the
broad minimum in B_/n_v_ around the sector %oundary crossing on day 51 and the
maximum near the HA% J%‘an 53. The origin of the many small dips in Br/npv is
] . 'y s p
still under investigation.
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Figure 4. Hourly averaged data over one solar rotation to show the relation of variations in the
parameter Br/npvp to other solar wind features.

Superposed epoch plots of Vp for HAEs and sector boundaries are shown
in Figure 3e. The similarity of thePrar1n and the '"no stream" curves near the

sector boundary is testimony to the invariance of this parameter through stream
interactions. On the average, B /n peaks at about 2 (units of
1072 Yem>km™ s) in HAEs, 1.2 in coronal Eof% flows, and reaches a minimum near
0.2 at sector boundaries. It is tempting to interpret the local minimum in

B./n,v, near sector boundaries as evidence for field line reconnection, in
keepgng with suggestions by Bavassano et al. (1976) and Pilipp et al. (1981).

Table 2 presents a numerical summary of the differences between the three
types of flow. For those parameters plotted in Figures 2 and 3, the zero epoch
values have been tabulated. Theories of solar wind acceleration must explain
why fast, hot flows come from coronal holes while slow, cool boundary flows come
from coronal streamers. There are probably some relevant clues in the ratios

Tp/Te: Bs nava/npvp, and Br/anp and in the ionization states of heavy ions.

After 20 years of solar wind observations, the number of question marks in
Table 2 is remarkable. Different measurements of heavy d1on ionization
temperatures in high speed flow from coronal holes yield conflicting results
(see Section 6 of paper by Bame, this Volume). Studies of anisotropies and
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double streaming in high speed streams have not differentiated between transient
and coronal hole flows; I have assigned these properties to flows from coronal
holes, perhaps incorrectly.

Acknowledgements. I thank D. R. Clay for his help on this project. This
research was conducted at the Jet Propulsion Laboratory of the California
Institute of Technology under NASA contract NAS 7-100.

TABLE 2. Comparison of solar wind parameters in three types of flow

HOLE BOUNDARY TRANSIENT
v, km/s 700 380 440
n, #/cm> 4 15 10
nv, 108/cm25 3 5 5
nmvz, dyne/cm2 3 3
nm(mv2/2 + mMG/r), erg/cmzs 2 2 2
T, 10° K 2.3 0.7 0.6
T, 10° K 1.0 1.3 0.5
nv /nv .05 .02 .10
aa pp
Ionization temperatures
T, 10°k ? 2.1 wp to 3.4
TF s 106 K ? 1.6 up to 17
¢ -3 2
Qe, 10 7 erg/cm“/s 3 <3 1
B, ¥y 6 3 9
Field topology Open ? Closed
B = 81rkTp/B2 1 2 0.3
Br/nv, 10—3 Y cmBS/km 1 0.3 2
Internal state Double No double ?
streams streams
T > T T < T ?
PJ Pii by H|
v >v v =y v oy
) P o P a P
?
Ta/Tb > 4 T:D‘/Tp < 4 ?
Strong Weak strahl ?
strahl
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THEORY OF SOLAR WIND ACCELERATION"
Egil Leert

High Altitude Observatory, The National Center for Atmospheric Research?

Abstract. We discuss the outflow of fully ionized hydrogen gas from mag-
netically open regions of the solar corona. The effects of changes in the
coronal temperature and of energy addition to the flow beyond the coronal
base on the proton flux and flow speed at 1AU are considered.

For a reasonable value of the base pressure we find an increase in the pro-
ton flux and a decrease in flow speed when the coronal temperature is
increased. The asymptotic flow speed is smaller than the speed measured in
high speed solar wind streams at 1AU.

The energy flux in the wind can be increased by adding energy beyond the
coronal base. When the density and temperature at the base are held fixed and
energy is added to the subsonic region of the fiow the flux increases and the
flow speed at 1AU generally decreases. Energy addition to the supersonic
region does not change the proton flux, but the energy per particle and the
flow speed at 1AU increase.

As one particular mechanism for energy addition we consider Alfven waves
propagating outward from the coronal base. For small wave amplitudes, almost
all the wave energy flux is added to the supersonic region of the flow. The
increase in energy flux is much larger than the increase in proton flux, so the
energy per particle and the flow speed at 1AU increase. The protron flux
increases steadily with increasing wave amplitude, whereas the flow speed
reaches a maximum when the wave velocity amplitude in the subsonic region is
comparable to the thermal speed. For larger wave amplitudes the flow is driven
primarily by waves, and the asymptotic flow speed decreases with increasing
amplitude. We find that Alfven waves with a velocity amplitude of 20kms™! at
the coronal base can drive high speed solar wind streams with a protron flux of
3.10% cm™s ™! and a flow speed of 600-800kms ! at 1AU if the coronal tempera-
ture is around 1.2.10%K. For higher temperatures the proton flux is too large,
and the flow speed at 1AU is too small compared to values observed in high
speed streams. These results are not very sensitive to changes in flow tube
geometry.

* This work has been published under the title Acceleration of the Solar Wind, by Egil Leer, Tho-
mas E. Holzer, and Tor Fla, in Space Science Reviews, 33, 161-200 (1982).

0n leave from Auroral Observatory, Institute of Mathematical and Physical Sciences, Universi-
ty of Tromso, N-9000 Tromso, Norway

¥The National Center for Atmospheric Research is sponsored by the National Science Founda-
tion
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ROLE OF THERMAL CONDUCTION IN THE ACCELERATION OF THE SOLAR WIND

Stanislaw Olbert
Center for Space Research and Department of Physics
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

ABSTRACT

The thermal and suprathermal processes involving solar wind electrons
are discussed from a theoretical point of view. A model for the electron
distribution function, fe, based on the solutions of the Boltzmann equation
in Krook's approximation is outlined: the angular and energy dependences of
fe for various distances from the sun between the coronal base and the earth
are presented with the express purpose of obtaining the radial profile of
the heat flux generated by the suprathermals. The calculations take into
account the effects of the morphology of the interplanetary magnetic field,
the electrostatic polarization potential and coulomb scattering, but assume
that, as far as the suprathermals are concerned, the effects of wave-
particle interactions are negligible. This surmised knowledge of the heat
flux allows us to solve the basic fluid-dynamical equations for the solar
wind plasma as a whole along any given magnetic field 1ine. The results,
although containing a variety of idealizing assumptions, are in surprisingly
good agreement with observations. In particular, the predicted density and
temperature profiles for positive ions exhibit the characteristics of recent
measurements, both in the corona (above the coronal holes) and between 0.3
and 1 A.U. (the Helios region). It is concluded that the suprathermal
el$ctrons play an important role in the formation and the dynamics of the
solar wind.

1. Introduction

The discovery of Coronal Holes confirmed a belief of long standing that
the stream structure of the solar wind in the steady state is closely
related to the morphology of the magnetic field lines in the corona. The
open field lines in the regions above the Coronal Holes serve as a nozzle
for the coronal plasma to flow into the far regions of the Heliosphere. The
high-ve]ocity streams observed by various spacecraft can be thought of as
originating in the central portion of a Coronal Hole above the coronal base
(say, between 1.03 ry and 1.50 rg ). Enough information is now available to
surmise empirical rad1a1 prof11es of the macroscopic parameters of such
high-velocity streams. Figures 1, 2, and 3 show, respectively, typical
radial dependences of the 1nterp1anetary magnetic field, the plasma density
and the electron and proton temperatures. Several features of these prof11es
merit special emphasis: 1) the radial component of the magnetic f1%
between 1.03 ry and 2.rg decreases much more rapidly than the (1/r¢) f1e1d
of the spherical model; 2) the density above Coronal Holes is substantially
lower than the average and exhibits a much steeper gradient; 3) the tempera-
ture of the core e]ectrons can be approximated roughly by an empirical poly-
tropic relation: T, B where 8 ~ .185 and n is the density; 4) the proton
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temperature displays a strong correlation with the wind velocity (in par-
ticular, the high-velocity streams are characterized by high temperature
protons). This last point deserves further elaboration: Helios data show
that the proton temperature, T,, in a high-velocity stream grows rapidly
as one approaches the Sun and Beaches about one million degrees at 0.3 A.U.
This type of radial dependence of Tp precludes any possibility of a poly-
tropic relation between T, and n.

The above sketched features of the solar wind beg for a physical ex-
planation. As a first step in this direction, we have initiated a "feasi-
bility" study of a model that emphasizes the role of the suprathermal elec-
trons in the heat conduction along any given field line. We have attempted
to adhere to first principles and the empirical facts as much as possible,
and purposely ignored the possible importance of any other ad hoc driving
mechanism. In other words, we have attempted to answer the following ques-
tion: Do the suprathermal electrons generate enough heat flux to drive a

high-velocity solar wind? The following is the preliminary report of our
findings to date.

2. Basic Equations for the Field-aligned Solar Wind Flow

We confine our discussion to a steady fie]d-a]igned flow along a radial
tube of force emanating from the central port1on of a given Coronal Hole
and concern ourselves only with the inner region of the solar cavity (from
1.03 rg to 1 A.U.). This allows us to ignore the effects of the rotation
of the Sun and the curvature of the field lines. Furthermore, we assume
that the r-dependence of B is known on empirical grounds. Finally, except
for the appearance of a new term for the heat flux, we take the basic MHD
equations as valid. Using standard notation, (B for the magnitude of the
magnetic field, V for the wind speed, o for the mass density, P for the
thermal pressure of electrons and positive ions combined, and § for the
heat flux vector) we have for the plasma as a whole:

oV = oB (1)
pV %¥ = g%-- oG ;% (2)
g- >3y é%‘(;g;g) - div q (3)

where o is a streamline constant. (1) follows from conservation of

mass (div(pV)=0) and magnetic flux (d1v B=0). Equations (2) and (3) express
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conservation of momentum and energy, respectiyely., Note that, since E is

field aligned, one can replace div q by B.v (3-§/BZ) or, for our geometry,
div g = oy (4)
where
=9 -9
W aB oV (5)

If the function W is assumed to be a known function of the radial distance,
r, or alternatively, of any of the dependent dynamical variables o, V, P,
equations (1), (2) and (3) represent a closed system of equations for three
unknowns: p, V and P. Two of these unknowns can be eliminated immediately.
First, Equations, (2) and (3) yield the integral:

GM (6)
1.2 5P ] 21,2
Ev +75--Y‘_+N—EU

where U is a streamline constant representing the asymptotic value of the
wind speed. Equation (6) allows us to eliminate P in terms of remaining
variables. Secondly, Equation (1) allows the elimination of, say, V in
favor of p. We obtain after some algebra, the following first-order differ-
ential equation for p:

r_d_E):Hp’r
o dr L(p,r (7)
3GM
B\2 0]
where H = %5%%-(%;) +— (8)
2GM
L= 4(%?)2 + M F 2 %g-- 2 (9)

In Section 4, we shall explain the procedures which we used to con-
struct an explicit form of W as a function of p. For the present_we need
only the result. Figure 4 shows the (dimensionless) quantity W/U2 plotted
versus electron density n_; it has been computed under the assumption that
o« = 2.4 X 10-23 g/cm3, U®= 700 km/sec and that B of Figure 1 may be
approximated by the empirical formula:
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B=2.2 (léo? 1+47 (£§-)6 (gauss) (10)
r r

where rs = 1.03 q@.

For the purpose of numerical integration of Equation (7), we found it
convenient to represent W in Figure 4 by an analytical formula:

1n(wl) = 0.0514 In(2&) + 2.87 erf(0.2 1n &)
0 o Po (11)

4

where Py = 10"22 g/cm3 and W =10 (km/sec)2

3. Numerical Calculations of (p,V,P) profiles

Detailed analytical study near the critical point of Equation (7) (i.e.,
the radial distance r. at which H=L=0) has shown that Equation (7) allows a
two-branch solution through rc: one for the accretion and one for the
outflow. The topology of the solution in the neighborhood of the critical
point is analogous to that of the polytropic Parker model. Figure 5 shows
the density profile corresponding to the outflow with U=700 km/sec. A
comparison of Figure 2 data referring to the high-velocity streams (lower
segments of the ng curves) reveals an excellent agreement with the curve of
Figure 5. Once the density profile is obtained, it is a simple matter to
compute the remaining profiles for V and P. Figure 6 shows the wind-speed
profile based on Equations (1) and (10) and Figure 7 shows the quantity:

(12)

Since P =k(nT_+nT +nT)(n and T indicate the number density and
the temperatufe®of tRePa-pakticies® respedtively) - Toff may be interpreted
as the "effective" temperature of a high-velocity stream. A comparison of
the Teff -curve with the combined data for Tes Ty and T, = 4T in the ex-
plored region of the heliosphere (r > 0.3 A.U.) Shows a surpr?sing]y good
agreement both in slope and the levels of the ion temperatures. The agree-
ment is improved further when a (relatively minor) correction for the
presence of the Alfven-wave pressure is made in the expression for P. Of
course, the unexpected result of our calculations lies in the unexplored
region (2 reg <r <0.3AU.): Ters exhibits a rise with a maximum of
2.5x106 °K at 9 re. Since the core-electron temperature in our model de-
creases monotonically with r (see next section) and thus at 9 ro is sub-
stantially lower than 2.5x106 °K, one is forced to conclude that the model
requires surprisingly high proton and a-particle temperatures in the outer
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regions of the corona. We must stress that if one accepts the form of the
heat flux used in the calculations, this conclusion is forced upon us by
nothing else but the basic laws of conservation of mass, momentum and
energy. Since our form of the heat flux predicts correct density profiles
of the high-velocity streams, we find the conclusion inescapable.

4, Heat Flux Calculations

We now outline briefly the method and the steps that we have taken to
arrive at the result shown in Figure 4. Space limitation does not allow
us to go into detail but only to mention that one can develop a variety of
cogent arguments demonstrating that the conventional theory for heat con-
duction in collision dominated plasma (e.g., Spitzer's theory) is not
applicable to any portion of the solar corona. The traditional Fourier law
(qu ==Kv.T) 8reaks down right at the base of the corona where T=1060 °K and
ne = 108 cm™3. This is so in spite of the fact that the coulomb mean free
path (mfp) of therma]_e]ectrgns, Ac» at the base is still very small compared
to the solar radius (.= 1077 rg). The main reasons for it are: a) the mfp
grows rapidly with the electron energy (a suprathermal electron of 7kT has
a mfp 50 times larger than Ac); b) the steep density gradient above Coronal
Holes leads to a short scale height H (H = 0.1 rg); c) small H leads to a
rapid development of skewness in the distribution function of suprathermals;
and d) the forward skewness of suprathermals is fostered by the paucity of
collisions and the open line morphology of the rapidly decreasing magnetic
field. For these reasons, any perturbation method relying on the smallness
of the Knudsen number (i./H) will lead to erroneous results concerning the
physical characteristics of the heat flux. The reader is invited to read
more on this in the paper presented by J. Scudder during these proceedings.

There seems to emerge from these types of considerations a clear cut
possibility: the suprathermals may carry enough heat to drive the solar
wind_  To check this in a quantitative manner we saw no way out but to
rely on the first principles of the plasma kinetic theory, i.e., to evalu-
ate first the electron distribution function, fg, at various points along
some given tube of force and then by direct numerical integration compute
the heat flux at these points. Since the solution of the Boltzmann
equation for fg in its more rigorous form (say, in the Fokker-Planck ap-
proximation) is prohibitively difficult, we have opted for the Krook's
approximation which, although not as accurate as the Fokker-Planck approxi-
mation, is on physical grounds far superior to any perturbation method
(such as that of Chapman and Enskog).

First, let us list the simplifications that can be made in the
general Boltzmann equation. We are interested in the distribution function,
fa, of transthermal and suprathermal electrons. For these electrons, the
proper plasma frame and the inertial heliocentric frame of reference
practically coincide. The gravitational effects are negligible. Moreover,
fe is gyrotropic, i.e., in the steady state, fg is a function of only three
variables: radial distance r, the speed v and pitch angle 6. With these
stipulations, fe (r,v,6) obeys the following equation:
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