Nonlinear Processes in Geophysics (2003) 21: 113-120 .
Nonlinear Processes

in Geophysics

© European Geosciences Union 2003

The small amplitude of density turbulence in the inner solar wind

S. R. Spangler
University of lowa, USA

Received: 24 September 2001 — Accepted: 4 December 2001

Abstract. Very Long Baseline Interferometer (VLBI) obser- would be to measure the intensity and spectral characteris-
vations were made of radio sources close to the Sun, whostics of magnetic field and plasma velocity fluctuations in the
lines of sight pass through the inner solar wind (impact pa-part of space between the coronal base and a heliocentric dis-
rameters 16—26 ). Power spectra were analyzed of the in- tance of about 60 R Such measurements are not available,
terferometer phase fluctuations due to the solar wind plasmaand will not be available until the advent of Solar Probe. In
These power spectra provide information on the level ofthe meantime, one of the few techniques available to us is
plasma density fluctuations on spatial scales of roughly oneadio remote sensing measurements, which furnish informa-
hundred to several thousand kilometers. By specifying artion on the intensity and spectral characteristics of density
outer scale to the turbulence spectrum, we can estimate thuctuations.

root-mean-square (rms) amplitude of the density fluctua- The specific approach in this paper is as follows:

tions. The data indicate that the rms fluctuation in density

is only about 10% of the mean density. This value is low, 1. We use radio remote sensing observations (described
and consistent with extrapolated estimates from more distant ~ further in the next section) to measure the properties
parts of the solar wind. Physical speculations based on this  of density fluctuations as a function of heliocentric dis-
result are presented. tancer.

2. We assume that the density fluctuations serve as a proxy
for the dynamically more interesting magnetic field
1 Introduction fluctuations and velocity fluctuations. This means that
the normalized amplitude of the density fluctuations is
This paper will deal with observations of the plasma, and assumed equal to that of the magnetic field fluctuations,
specifically plasma turbulence in the inner solar wind. More and the spatial power spectra are assumed to be the
precisely, | will discuss the results of radio propagation, re- same. Further discussion of this controversial (and pos-
mote sensing observations of the solar wind at heliocentric  sibly wrong!) assumption is given in Sect. 4.1 below.
distances of 16 to 26k A more complete discussion and
presentation of additional results is given in Spangler et al. 3. The inferred level of turbulence can be compared with
(2002). Spangler et al. (2002) also gives more information ~ that necessary for substantial dynamical and thermo-
concerning the observations, data reduction, and analysis. d)_/ngmical effects in accelerating and heating the solar
wind.

1.1 Motivation for the observations . . o S .
The observations utilized in this paper provide information

The ultimate goal of these observations is to contribute to2" e solar wind plasma as close as 5fom the Sun.

the verification or falsification of models for the acceleration 1 1S closest perihelion distance was chosen for radio astro-

and heating of the solar wind. We are specifically interesteonomical technical reasons, in that analysis of interferometer
in testing models in which plasma turbulence plays a role phase scintillation data is most convenient in the heliocentric

by heating and accelerating the solar wind. The ideal Obserglistance range 16-3QR Since a number of independent ob-

vational test of turbulence-driven models of the solar wind servations utilizing ultraviolet spectroscopy indicate substan-
tial coronal heating much closer to the Sun (e.g. Kohl et al.,

Correspondence tdS. R. Spangler 1999; Marsch, 1999) at heliocentric distances of 1531Re
(srs@astro.physics.uiowa.edu) utility of observations further out can be questioned. There
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are three reasons why | believe radio astronomical obser
vations of plasma at heliocentric distances0fl6 R, are
important. First, the aforementioned evidence of ion heat-
ing in the corona, presumed to be due to plasma turbulence
is derived from spectroscopic line profiles. For a consistent
description of coronal processes, measurement of the turbt
lence itself would be highly desirable.

Second, there is the question of what | termvkstigium -
undarum or relic of the waves which are not dissipated close y, <

to the Sun in ion heating. Processes in nature are not 1009
efficient, and it is reasonable to expect some reasonable po

F *
e ﬁ

might detect the vestigium. Finally, while evidence has been coherent structure

put forward indicating that the fast solar wind is rapidly ac-

celerated close to the Sun, it seems clear that the slow solar

wind continues to accelerate out to 3¢ Rnd perhaps be- Fig. 1. An illustration of how density fluctuations in a turbulent

yond (Sheeley et al., 1997; Schwenn et al., 1981). plasma, causing radio refractive index variations, produce stochas-
Thus, the processes responsible for acceleration of théic perturbations in the phase of a radio interferometer. Motion of

slow solar wind, which presumably include the effects of tur- the turbulent plasma then causes temporal fluctuations in the inter-

bulence, are distributed over a large volume of space. Aderometer phase. Figure taken from Spangler et al. (2002).

discussed in Spangler and Sakurai (1995), radio propagation

measurements are generally dominated by the slow speed so-

lar wind, so radio observations are well suited to provide di-the Agenzia Spaziale Italiana, and the Wettzell (Germany)

tion of the wave flux, injected at the coronal base, to sur- &
vive to 16 R, and beyond. Radio scintillation measurements 8 Q

agnostics of this p|asma. antenna of the BUndesanﬁerartOgraphie und Geddie.
These observations were undertaken as a program of the Is-
1.2 The physical basis of phase scintillations tituto di Radioastronomia of the Consiglio Nazionale delle

Ricerche, located at Bologna. Observations were made on
The physical basis of interferometer phase scintillations due24 and 25 September, and 15 October 1998. The observa-
to turbulence in the solar wind has been discussed previouslyional sessions ranged from 6 to 9 h in duration. The obser-
by Spangler and Sakurai (1995) and numerous reports exvations were made (depending on the day and the telescopes
ist on the general phenomenon of interplanetary scintilla-participating) at either 8.38 and 2.26 GHz, or 4.98 GHz. Ob-
tions (e.g. Coles, 1978; Bourgois, 1993). The relationshipserving scans on a source were 13min in duration, and
between plasma turbulence and radio astronomical measuréer each interferometer baseline a phase measurement was
ments is illustrated in Fig. 1. In plasma turbulence, there will recorded each 2.0's. The integration time was also 2.0s. The
be fluctuations in the plasma density. Since the radio refracinterferometer baselines varied in length from a minimum of
tive index is proportional to the plasma density, there will be about 200 km, to almost 1000 km. The baseline lengths are
corresponding fluctuations in the refractive index. The phasémportant control parameters because phase scintillations are
of the radio wave at each antenna is proportional to the lingoroduced mainly by irregularities with size scales of the or-
of sight integral of the refractive index from the antenna to der of the baseline length.
the source of the radio waves. An interferometer measures Measurements were made of five sources viewed through
the difference of the radio wave phase at the two antennaghe inner solar wind. The distance of closest approach of the
When the interferometer observes a source through a mowvine of sight (referred to as the “impact parameter”) varied
ing medium with index of refraction variations, the interfer- from 16.5 to 25.3R. Since the solar wind plasma is dens-
ometer phase varies as a random function of time. Roughlyest at the point of closest approach to the Sun, the plasma
speaking, the greater the amplitude is of the density fluctudn the vicinity of the impact parameter makes the dominant
ations (i.e. the more intense the turbulence), the larger theontribution to the radio propagation phenomenon. One can
phase fluctuations will be. The faster the medium is moving,roughly think of phase scintillation measurements as diag-
the more rapid these variations will be. nosing the plasma at a heliocentric distance equal to the

impact parameter. In addition to the five sources observed

through the inner solar wind, observations were made of an-
2 Measurements of VLBI phase scintillations other source at an impact parameter of 6257 R

Interferometer phase fluctuations are analyzed by calculat-

The measurements presented here result from interferometng the power spectrum of a phase fluctuation time series, and
ric observations made with radio telescopes of the Istituto dithen fitting the spectrum to a theoretical model (Spangler et
Radioastronomia at Medicina and Noto in Italy. In addition, al., 2002). This phase power spectrum is related, via a prop-
observations were made with the Matera (Italy) antenna ofagation model, to the spatial power spectrum of the density
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fluctuations in the solar wind. We model that spatial power
spectrum with the following expression

Psp(k) = Cok™® . (1)

The spectrum is defined on the wave number rangg2<
k < 27 /l;. In Eq. (1),k is the spatial wave number of the
density fluctuationsy is the spectral index of the power law
spectrum, and2 is the coefficient which determines the
level of the density fluctuations. This parame@ﬁ; is di-
rectly proportional to the variance of the density fluctuations
and is a function of the heliocentric distanceThe outer and
inner scales of the turbulence are givenipyand/;, respec-
tively. These correspond to the largest and smallest scales
present in the turbulence.

Measurement and analysis of the phase fluctuations yield
the scattering measusV, which is the path integral asz\, L

through the solar wind, 10 20 50
Heliocentric Distance (Rs)

R
SM = f C2(s5)ds = C2yLess ~ C2 <u> )
LOS 2

Fig. 2. Empirical measurement qﬂ’lzv(r). Open symbols display

A discussion of how the scattering measure is obtained frompeasyrements from earlier investigations, reported in Spangler and
measurements of the interferometer phase fluctuations igakurai (1995) and Spangler et al. (1996). Open triangles repre-
given in Spangler and Sakurai (1995). The variabie a  sent values deduced from in situ measurements made by the Helios
spatial coordinate along the line of sight. In Eq. (2);/ is spacecraft. Large solid stars represent results from the recent set
the thickness of an effective uniform slab of turbulence, andof observations. The solid line represents an empimgg{r) rela-

the last expression on the right uses the appropriate value dfonship reported by Spangler et al. (1996) and given in Eq. (3). The

L,y for the case in WhiCICIZ\, depends on heliocentric dis- dashed lines indicate the bounds of natural solar wind variability of
tance asx r—%. The variableC2 . is the value ofC2 at roughly a factor of three above and below the relation (3). The units
: NO N

2 20/3 : ;
a heliocentric distance equal to the impact parameter, givercl)f Cly are nT ==, The figure is taken from Spangler et al. (2002).

by Ro.

In the observations discussed here, the model fits to th% acecraft at its perihelion. The spacecraft measurements
measured phase power spectra were not sensitiyg and P P ' P

l;. The principal quantities retrieved Weﬁ%O and the solar W‘;re presented by Marsgh and Tu (1990); the extraction (.)f
: . C% values from the published spacecraft power spectra is
wind flow speed/y. The outer scale emerges as an important /N "~ . .
: : o described in Sect. 4.1 of Spangler and Sakurai (1995). The
parameter in the analysis of Sect. 3.2, where it will have to

be specified on the basis of independent considerations. SOI'.d stqrs represent new results from the Italian VLBI obser-
vations in the fall of 1998.

Of the Helios measurements, the upper two plotted points
3  Observational results (triangles) represent measurements in the slow speed solar
wind, while the lower symbols represent high speed wind
In this section, | present selected results from this set of obcharacteristics. It was on the basis of these measurements
servations. The results presented will deal solely with thethat Spangler and Sakurai (1995) argued that the slow speed

amplitude of the density fluctuations. wind will typically dominate radio scintillation measure-
ments.
3.1 The evolution oC’§; with heliocentric distance The solid line in Fig. 2 represents a least-squares-fit em-

irical relationship forC2 (r), which was made to all data
xcept a low point at 9 R observed through a polar coro-

nal hole, an anomalous but seemingly valid measurement at

vations will have different impact parameters and probe the23 R, and the in situ measurement in the high speed solar
solar wind at different heliocentric distances, an extensivewind (’Spangler etal., 1996)

observational program with observations of many sources

can establisiC2 (). Our results from several observing ses- C2(r) = 1.8 x 10'°(r/10R,) 366 m=29/3 | (3)
sions over many years are shown in Fig. 2. All open sym-

bols are results presented by Spangler and Sakurai (1999)he dashed lines represent bounding curves at a factor of
and Spangler et al. (1996). All measurements are from VLBIthree above and below the least-squares-fit relationship, and
phase scintillation measurements, except the open trianglesre meant to convey the natural variability in the characteris-
Those data are taken from in situ measurements by the Helioics of the solar wind.

Fitting of the observed phase power spectra with a theoreticai
model allows for the retrieval C(fzzvo- Since different obser-
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The new measurements, which | believe to be more pre- The outer scale of the turbulence in this part of space
cise than those previously presented in Spangler and Sakurél6 Ry, < r < 26 Ry) is not known with great precision,
(1995) and Spangler et al. (1996), contribute to a fuller specbut must be of the order of 1 solar radius. The outer scale
ification of the szv(r) relation. Since they fall within the should be considerably less than the heliocentric distance of
“box” determined by the dashed lines in Fig. 2, they may 16-26 R,. It may be seen from LASCO coronagraph im-
be considered consistent with and supportive of that relationages that the transition from fast to slow solar wind occurs
ship. Further observations of this type, which would more on scales smaller than this. | have adogtee: 1 R in the
densely populate Fig. 2, could contribute to a better underanalysis described here. In any case, Eq. (6) shows that the
standing of the spatial evolution of solar wind turbulence, asdependence on the outer scale is not strong. We can then ex-
well as furnishing a diagram which would be useful in detect- tract the quantity of interest, which is the modulation index
ing interplanetary transients and their associated enhanced When Eq. (6) is used with the data shown in Fig. 2, the

turbulence. values fore depend on the source being analyzed and the in-
) _ ) dependent model for the background plasma density)
3.2 Measuringy, of the density fluctuations which is employed. The range of the values we obtain is

0.064 to 0.15; a representative average is 0.10. No evidence

:'hhedr_elatlonshllp shownl_![ndFlg. 2|can| bfettﬁsedl to dEtgrm'nﬁs seen for a dependence on heliocentric distance. This re-
€ dimensionless amplitude, or level ot the plasma Aensityy, ;i ot mild variance with the interstellar medium case dis-

fluctuations. To do this, we employ some observational tech-Cussed by Spangler and Cordes (1998), in which a value of

niques applied to the somewhat similar turbulence in the in-E ~ 1 was consistent with measurements and plausible val-
terstellar medium of our galaxy.

2 - . . ues for the outer scale. There was no compelling case for
The parameteCy, is a measure of the fluctuations in the

; . .~ _any of the lines of sight through the interstellar medium in
plasma density. The total inventory of plasma along the IlneCygnus for values of as small as those discussed here for
of sight is given by a similar parameter termed the emissionthe inner solar wind

measure, and defined as From this analysis we then conclude that the density mod-

7 Rg ulation index seems small, and that weak turbulence in the

_ 2 _ 2 2
EM = LOS”E(S)dS = meolefs = ”60< 2 ) : ) inner solar wind seems to be indicated.

The emission measure is a quantity of considerable interest
in astronomy because it is ofte_n directly relate_d t_o measurey Significance of the observations
able quantities, such as the brightness of emission lines. In

tr;e present gpplicz;tion to th]? Tolar windo indricatehs the |1, this section, | discuss the physical significance of the result
plasma density at the point of closest approach to the Sun. esented above, that the root-mean-square density fluctua-

A comparison of the scattering measure and the emiszsio%On in the solar wind between 16 and 26 R of the order
measure can be used to extract a parameter determined tgf 10%

the modulation index of the turbuleneeand the outer scale
gf ft_he(;urbulence defined above. The modulation index isy 1 Density fluctuations as a proxy for magnetic fluctua-
efined as

2 = <(8n)2) Jii2 . (5) o . .
As mentioned in the Introduction, theories of magnetohydro-

The density modulation index s referred to as the “mean dynamic turbulence indicate that the energy density is pri-
fractional density fluctuation” by Woo et al. (1995). The re- marily or exclusively comprised of magnetic and kinetic en-

lation betweensM and EM is then (Spangler and Cordes, €rgy terms. The theoretically, most easily interpreted mea-
1998) surements would, therefore, be of magnetic and velocity fluc-

tuations, rather than the density fluctuations which are re-

SM — 0181 ? | EM (6) vealed by radio scintillation obseryations. T_he radio mea-

(1+ 62)10/3 surements would be most usefuI. if Fhe density qu_ctuatlons
can serve as a proxy for magnetic field and velocity fluctu-
Equation (6) is valid for the case of a Kolmogorov spectrum, ations. To make the argument that this proxy relationship
for whicha = 11/3. The spectral index of the power spec- exists, we need theoretical results which are supported by in
trum determines the multiplicative coefficient outside the sjtu spacecraft measurements. These theoretical and obser-
square brackets, as well as the powet,0in the denomi-  vational results can also determine the exent of the similarity
nator of the expression within the brackets. In the solar windbetween density and magnetic field fluctuations. The rele-
context, we measure the scattering measure via observationgint theoretical results for this suggestion are cited below:
described in Sect. 2, and use models for the density profile
in the slow solar wind (see Eq. (11) below) to compute the 1. Zank and Matthaeus (1992) showed that within the con-
emission measure. Thus we determine the quantity in square text of quasi two-dimensional turbulence, density fluc-
brackets in Eq. (6). tuations did not arise at first order in the turbulent ampli-

tions
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tude, but did arise at second order. This would suggest = §v/c,, wheredv is the rms velocity fluctuation ang}

that is the sound speed. The Afmic Mach number is similarly
defined assv/ V4, with V4 the Alfvén speed. The simpli-
(6n/it) = A (8b/Bo)? , (7 fied models for the solar wind fluctuations which were con-

sidered included nearly incompressible turbulence, specific
where A is a constant of order unity. In this case, wave modes, and pressure-balanced structures. The obser-
large amplitude magnetic turbulence (and velocity tur- vational results defied unambiguous interpretation in terms
bulence) could exist with small amplitude density fluc- of any of the theoretical models. The obscure nature of the
tuations. The measurement of small-amplitude densitydensity fluctuations can be considered as a demonstration of
fluctuations would be of uncertain physical interpreta- the futility of using these fluctuations as diagnostics of other
tion, and the density fluctuations would be a poor proxy properties of the turbulence.
for the important energy-containing fluctuations. A re-  While this objection is a plausible one, and should be seri-
quirement for this result (Eq. 7) is homogeneity of the ously considered by workers in the field, | do not believe that
background plasma, i.e. no spatial gradients in the meaiit necessarily invalidates the use of density fluctuations as a
plasma parameters such as density and vector magnetjsroxy for the level of magnetic field and velocity fluctuations.
field. For the proxy hypothesis to be valid, it is only necessary
. ) that the variances of the fluctuations in density and magnetic
2. Bhattacharjee et al. (1998) showed that if the back-fieiy he mutually proportional, not that a high or even sta-
ground plasma had zero order spatial gradients, insteag, v degree of correlation exist between them. In support
of being spatially homogeneous, then first order den- s i<’ ggestion, we cite the work of Bavassano and Bruno
sity qucFuatlons accompany magnetic field and velocity (1995), which directly compared the root-mean-square den-
fluctuations, sity fluctuation with the turbulent Mach number. The data for
_ the study of Bavassano and Bruno (1995) were taken from
(8n/n) =~ (3b/Bo) , (8) the Helios spacecraft, which approached to approximately
provideq that.the inhomogeneity of the back_gr_ound \?v?tr?% ffr; ;f;e:Sl],:/;: :o;b?g\:.nllt_:hgj;ﬁ}uczfnngciflré;ggsar:g
plasma is sufficiently pronounced. In Eq. (8), it is to and Bruno (1995) was that the in situ measured values of the
be understood thatb is the transverse (to the large o maiized density fluctuations were much closer to being
scale fl_eld) turbulent amplitude, i.e. the quadratu_: Sumproportional toM than M2, and thus, serve as proxies for
of the field components perpendicular Bp. In this no " magnetic and velocity fluctuations in the sense defined
case, small-amplitude density fluctuations would imply above.
similarly §mall-§mplitude magnetic field fluctuations, Thus, if the correlation determined by Bavassano and
anq density varlathns would be a good proxy for mag- Bruno (1995) continues to be valid at heliocentric distances
netic turbulence. Figure 6 of Bhattacharjee et al. (1998)Closer than 62 B, a probable situation in my opinion, the
Gesults of Sect. 3.2 would then indicate that the dimension-
less amplitude of magnetic field and velocity fluctuations at

3. Given the aforementioned considerations, one can in16-26 Ry is also of the order of 10%.
voke the known spatial structuring of the solar wind,
such as that due to the stream structure, for example, t
argue that the proxy-like scaling of Eq. (8) will hold for
the solar wind. | then propose that the dimensionless
amplitude of the density fluctuations tells us the corre-
sponding dimensionless amplitude of the magnetic fluc-
tuations.

insure first order density fluctuations.

42 Astrophysical significance of a small density modula-
tion index

I now consider the quantitative significance of this small tur-

bulence amplitude. The main interest here is whether the
small values for the turbulent amplitude can be reconciled
with the requirements of wave-driven solar wind models.

The suggestion that the normalized density fluctuations are For the sake of argument in the subsequent sections, | as-
directly proportional to those of magnetic field is a contro- sume the validity of Eq. (8). In this case, the radio scin-
versial one that is disputed by other workers in the field. Antillation observations allow for an estimate of the turbulent
example of a study which is cited as contrary to the rela-magnetic field in the inner solar wind to be extracted, and
tion (8) is that of Tu and Marsch (1994), which presentedwe can use the procedures and arguments employed previ-
a comparison of fluctuations in density, magnetic field andously in the literature (e.g. Hollweg et al., 1982; Sakurai and
plasma velocity. Tu and Marsch (1994) compared the ob-Spangler, 1994; Mancuso and Spangler, 1999), to assess the
served correlation coefficient between pressure and turbuviability of wave heating and acceleration mechanisms. The
lent Mach number or Alfénic Mach number (measures of following discussion is also influenced by the arguments of
the amplitude of velocity or magnetic field fluctuations, re- Roberts (1989).
spectively) with the expected value for simplified models of The following calculations will refer to a heliocentric dis-
MHD turbulence. The turbulent Mach number is defined astance of 16 R, the closest point to the Sun probed by the
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observations of Spangler et al. (2002), and at whi€i60 < plasma parameter8i, V4, V, etc.) at a heliocentric distance
‘3,—1”, 7 <012, r via (Spangler and Mancuso, 1999, Egs. 11 and 12)

If the magnetic turbulence is envisioned as composed of
Alfv én waves, there is an associated wave energy flux givery, , — (( b) )
by (Mancuso and Spangler, 1999, Eg. (10), originally due to 4nV.

Hollweg, 1973) where all parameters have been defined exg¢ept, which is
(( b) ) a flux tube expansion factor. This factor describes the extent
Sw = 2Va+3V), 9 to which the expansion exceeds radial expansion, as in that
8 of a ballooning flux tube. A value of 6.5 has been employed
where V is the bulk solar wind speed. All parameters in in previous analyses. Although such a value is reasonable

(V + Vi) ( ) £, (14)

Eqg. (9) are evaluated at a given heliocentric distance. Tdor coronal holes, it is probably a major overestimation for
calculate the variables in Eq. (9) from our observed mea-regions of slow solar wind. | will employ = 6.5 with the

surement oBn/n, we need estimates fd¥p,z, andV as a
function of heliocentric distance.
For the solar wind magnetic field strength, we use the ex-

understanding that it results in an upper limit to the coronal
base flux.

With these assumptions and adoptions of humbers previ-

pression employed by Mancuso and Spangler (2000), whiclpusly used above, we havyz = 2.68 x 10° — 1.07 x
is believed to be valid throughout the region considered herel 0* ergs/s/cri, where the range corresponds to the allowed

Bo(r) =5.96(r/Ro) 3+ 1.43(r/Rp) 2 G (10)

range of values o8n/n. These numbers are one to two or-
ders of magnitude lower than the base fluxegdf 5) x

Equation (10) is taken from Eq. (7) of Mancuso and Span-10° ergs/s/crrequired by wave-driven wind theories. These
gler (2000) and converted to more convenient units for thecalculations quantify the weakness of the turbulence in the

discussion here.

inner solar wind, and indicate that it is not at a level which is

The plasma density is represented by the model of Gibsorlynamically or thermodynamically significant. Nonetheless,

et al. (1999) for the slow speed solar wind,
Ay = [365(r/R@)—4~31 + 3.6(r/R@)_2] x 10° cm3 .(12)

Finally, the solar wind speed is taken to be given by the fol-
lowing model of Sheeley et al. (1997)

Vz(r) =2a(r —r1) (12)

with ¢ = 3.4 m/seé andr; = —0.4 R,

With these adopted models, the values for solar wind
plasma parameters at 16Rare By = 7.04 x 103G,

i = 1.64 x 10°cm3, V4 = 363km/s, and/ = 279 km/s.
Equation (9) then gives,, = 1.11 — 4.44 ergs/s/crh for
dn/in = 0.06—0.12.

Following the ideas of Roberts (1989), we can compare
this wave flux with the kinetic energy flux of the bulk solar
wind,

1 03

2pV ,
wherep is the solar wind mass density. For the plasma pa-
rameters given above; = 32.5ergs/s/cri. Thus, at a he-
liocentric distance of 16 R, we estimate that the turbulent
energy flux in the slow solar wind is only 3.4% to 13.7% of
the bulk kinetic energy flux.

Another way of expressing the low value of the turbulent
amplitude is by estimating the wave flux at the coronal base,
and comparing this with the widely cited values required by
wave-driven models for the corona and solar wind. The mod-
els require a wave flux a2 — 5) x 10° ergs/s/crf to match
observations. Once again, we employ formulas discussed
and utilized in the analysis of coronal Faraday rotation data
(Mancuso and Spangler, 1999, and references therein). The
Alfv én wave flux at the coronal base can be estimated from

Sk (13)

there are three major caveats which need to be appended to
the preceding discussion:

1. The base flux to which our calculations have been re-
ferred is that required for models of the fast solar wind.
The radio propagation observations, which are the ba-
sis of this analysis, are primarily diagnostics of the slow
solar wind. It is less obvious that wave dissipation is
required to account for the properties of the slow solar
wind, so the comparison made here might be meaning-
less.

. Even if similar base fluxes are injected in open and
closed magnetic field regions, there is no guarantee that
a substantial fraction of the wave flux survives to 1§ R
rather than being completely damped within a couple of
solar radii of the solar surface. This point of view has
been emphasized to me by C.Y. Tu in private conversa-
tions. My response is that such an explanation of the
data would require 90 to 99% efficiency of wave damp-
ing inside 16 R. This issue is essentially that of the
vestigium discussed in Sect. 1.1.

3. A crux of the analysis has been the assumption of equal
dimensionless magnetic and density fluctuations given
in Eq. (8). It needs to be acknowledged that other re-
mote sensing observations of the inner solar wind have
been cited as evidence féb/ By > dn/n. Hollweg et

al. (1982) analyzed variations in Faraday rotation mea-
sure and radio phase of a spacecraft transmitter signal.
Faraday rotation is proportional to the path integral of
the plasma density and line-of-sight component of the
magnetic field, and thus, contains information on the
magnetic field and its fluctuations. The phase measure-
ment is sensitive to the path integral of density alone.
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Hollweg et al. (1982) examined the minimalist possibil-
ity that both Faraday rotation and phase variations could
be accounted for by density fluctuations in a uniform
magnetic field. They found that this extreme and nearly
unphysical model could be excluded, since the required
magnetic field would have to be about a factor of 5
higher than indicated by independent estimates. This
result indicated that magnetic field fluctuations made
an important and possibly dominant contribution to the
rotation measure fluctuations. Indeed, Hollweg et al.
(1982) then proceeded to analyze their data with model
equations which attributed all of the Faraday rotation
measure fluctuations to magnetic field variations in an
incompressible plasma, as would be the case if the tur-
bulence consisted of ideal Alén waves.

While the discussion of Hollweg et al. (1982) rules out
hypothetical turbulence in which only density fluctua-
tions are present, it cannot be used to exclude all mod-
els in whichén/n ~ 8b/Bg. The reason for this can
be understood via reference to Eq. (17) of Hollweg et

al. (1982), which gives an expression for the rotation 4-

measure variance. This expression contains three con-
tributions, one due to magnetic field fluctuations in the
mean density of the plasma, the second due to density
fluctuations in the mean magnetic field, and a third de-
pendent on the amplitude of both magnetic and density
fluctuations, as well as their correlation. The case of
exclusively density fluctuations examined and rejected
by Hollweg et al. (1982) had only one of these three
terms contributing. The fact that an admissible turbu-
lence and plasma model could be constructed with only
magnetic field fluctuations in a constant density plasma
does not exclude the possibility that turbulence wit
dn/n ~ 8b/Bg could also be compatible with the data
of Hollweg et al. (1982). To determine if this is the case
would require a reanalysis of the data in Hollweg et al.
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2. Analysis of the data yields estimates of the fractional

density fluctuations at heliocentric distances of 16 to
26 Ry. These values are relatively low, of the order of
6 to 15%, with an average of about 10%. If the nor-
malized density turbulence is proportional to the nor-
malized magnetic turbulence (admittedly a big “if”; see
the discussion in Sect. 4.1 above), then the turbulence
in the inner solar wind is relatively weak and perhaps
incapable of playing a significant role in the dynamics
or thermodynamics of the solar wind.

. Basic plasma physics research on the nature of density

fluctuations which arise in a turbulent plasma would
seem to be very worthwhile, the substantial existing lit-
erature in this area notwithstanding. Solid results from
such a theory would allow us to interpret the radio scin-
tillation observations in a more mature way. A specific
topic identified for attention in this research would be
the validity or non-validity of the proxy relationship be-
tween density and magnetic field fluctuations.

The justification for further work in radio remote sens-
ing of the inner solar wind (including the theoretical
work in point # 3) is that radio propagation studies of the
inner solar wind will remain important for heliospheric
physics in the future. The deepest penetration of the
heliosphere by a definite future spacecraft will be that
of the Solar Orbiter, planned for the time period 2008—
2013, and with a perihelion distance of 45 RInfor-
mation on the solar wind plasma closer to the Sun will
require remote sensing measurements, and radio propa-
gation studies will remain one of the most important.
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