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Abstract

Although many properties of the ubiquitous electron density fluctuations near the source
region of the solar wind have been obtained from radio scintillation and scattering
observations, the relative strength of the fluctuations — characterized by fractional
fluctuations dne/ne (dne is rms electron density fluctuation and n_is the mean clectron
density) and providing clues about the nature and role of density fluctuations in the
expansion of the solar wind --- has not been determined, The first mcasurcments of dne/ne
have been carried out inside 40 Ro using 1991 Ulysses clual-frequency S- and X-band
(13 and 3.6 cm) ranging (time delay) measurements. In the frequency band of
~6 x 1075 -- 8 x 10’4 Hz (periods of 20 min to 5 hr), dne/Me varies from a high of near 20%
in the slow wind near the neutral line to alow of about 1 % in the fast wind far from the
neutral line. Yor spatial wavenumber K - 1.4 x 10-0km-! (5 hr period at 250 km s-1),
dne/ne is essential] y independent of heliocentric distance over 0.03- 1.0 AU in the slow
wind; it is a factor of 30 lower in the fast wind than in the slow wind inside 0.1 AU, but
exhibits dramatic growth with heliocentric distance inside 0.3 AU. This latter result
reinforces current views of the evolution of M HD turbulence and the. association of Alfvén
waves with high speed streams based on fields and particles measurements made beyond
0.3 AU. That regions of enhanced density fluctuations near or above the neutral line
coincide with regions of enhanced density confirms previous conclusions that they arc the

int crplanct ary manifestat ion of the heliospheric current sheet and extensions of coronal



strcamers. While the regions of enhanced density fluctuations lic within those of enhanced
density, they have boundaries that arc distinctly more abrupt, suggesting the separation of

solar wind of different solar origin and wind speed.

Introduction

Radio scintillation and scattering measurements, conducted first with natura radio
sources and later also with spacecraft radio signals, have revealed substantial electron
density fluctuations in the inner heliosphere near the source region of the solar wind where
in situ measurements have not yet been made. Much is known about the density
fluctuations from such measurcments, including the dependence of their fluctuation level
dne on heliocentric distance, solar latitude, and solar cycle [Erickson, 1964; Bourgois and
Colts, 1992], their anisotropy [Armstrong et al., 1990], and their spatial wavenumber
spectrum [Woo and Armstrong, 1979; Colts ¢t al,, 1992]. A critical characteristic that has
not been determined in the past is the level of relative or fractional density fluctuations
dne/ne [Bourgois and Colts, 1992], which is important for understanding the nature and
role of the near-Sun density fluctuations in the expansion of the solar wind [Marsch, 1991,
Roberts and Goldstein, 1991]. Measuring, relative density fluctuations has taken on added
interest and significance with the recent discovery of large variations in dne in the vicinity of
the Sun [Woo and Gazis, 1 993; Woo et a., 1994]. Knowledge of relative density
fluctuations also has relevance when density fluctuations inferred from radio scintillation
and scattering measurements arc used as a proxy for density [Newkirk,1967; Houminer
and Hewish, 1974; Ananthakrishnan et al., 1980; T'appin, 1986; Woo and Gazis, 1994].

Determination of fractional density fluctuations requires the measurement of absolute,
electron density, which is provided by dual-frequency observations of time delay or
ranging. Such measurements were conducted by the Ulysses Solar Corona ixperiment
[Birdet a., 1994] at wavclengths of 13.1and 3.6 cm in August 1991 and form the basis of
this study,




Observations and Results

Time delay, or ranging, measures path-integrated electron density or total electron
content, but to agood approximation it is proportiona to electron density n_at the. closest
approach point of the radio path [Birdet d., 1994]. g bus, the ranging time series can be
regarded equivaently as the time serics of e¢lectron density, with the observed ranging
scintillation representing the density fluctuations. As in the case of insitu plasma
measurements, density fluctuations dne observed in this manner refer to fluctuations in the
tempora (rather than spatial) domain.

Relevant portions of Fig. 4 of Bird ct al, [ 1994] showing the contour map of coronal
magnetic field strength at 2.5 Ro during the 1991 Ulysses radio measurements arc
reproduced in Figs. 1 a and 2a; the map was provided by J.T.Hocksema, as adapted from
Solar Geophysical data [Hocksema and Scherrer, 1986]. The crosses in Fig. 1a (dots in
Fig. 2a) represent the closest approach points of the Ulysses radio path on the denote.d clays
of year (1>0Y) during the ingress (egress) phase of superior conjunction, and hence indicate
the corresponding approximate regions probed. Sclected actual radio path segments near the
closest approach points for a few days are also shown.

Using the 10-rein measurements of differential t ime delay, we have computed the mean
values (A1) and standard decviations (A1) - - proportional to density and density
fluctuations, respectively ---- during the duration of cach DSN tracking pass, Although the
averaging periods were typically S-1 O hours long, there were afcw cases with periods less
than 2 hours. To remove the dependence on heliocentric distance, wc have scaled the
ingress and egress path-integrated mcasurements of time delay to 1AU according to the.
radial dependencics of R™1:54and R'1.42 determined by Bird et al. [1994], respect ivel y. We
have also scaled the standard deviations of time delay to 1 AU according to the radial
dependence of R™1-5, as has been observed in equivalent Doppler scintillation measurements

near the Sun [Woo, 1978],




The time histories of normalized At and GAt in nanoseconds for ingress and egress are

displayed in Figs. Ib and 2b, respectively.l ‘or convenience of comparison with the coronal
field maps, the time axes have been reversed and displayed in such a manner that DOY lines

up approximately with the corresponding crosses (dots) in Fig.la(liig. 2a).
Corresponding heliocentric distances arc shown in Figs.1d and 2d, indicating that the
Ulysses measurements took place inside 40 Ro,.

As has been found in Bird et a. [1994], the density profilesin Figs. 1 b and 2b exhibit
peaks near the neutral line, and are the apparent extensions of coronal streamers that have
also been observed by in situ plasma measurements surrounding sector boundaries at 1 AU
[Gosling ¢t al., 1981; Huddleston et al., 1994]. Whilc the profiles of éne for the frequency
bane] of -5 x 10-5--8 x 10’4 Hz in Figs. 1 b and 2b follow the same general pattern as ne,
the variations of dn¢ are distinctly more abrapt and significantly greater (larger than an order
of magnitude for &n¢ vs less than a factor of 2 for n). This is also demonstrated in plots of
dne/ne in Figs.1c and 2c--- obtained by dividing the standard deviations SAT by the mean
values At of time delay -- showing variations of 1 -20% and an order of magnitude contrast
(corresponding to two orders of magnitude contrast in spectral density levels) between fast
(far from neutral line) and slow (near neutral line) solar wind. It should be emphasized that
the contrasts here arc of density fluctuations with the same fluctuation frequency, and it is
more meaningful to compare fluctuations of the same spatia scale. 1.ct us do this for fast
(minimum 8ne/me) and slow (maximum Sne/ne) wind observed near the Sun by the t Jlysses
remote sensing radio measurements and beyond 0.3 AU by llclios in situ plasma
measurements [ Marsch and Tu, 1990]. Assuming a speed of 250 km/s for the Slow wind
near the Sun [Coles, 1993] , the corresponding spatial wavenumber K (K=2xnf/v, wheref is
fluctuation frequency and v is transverse solar wind speed) is 1.4 x 10-¢ km-1
(corresponding to reduced wavenumber k* = 2.2x 10-7 km'[Marsch and Tu,1990]) for
Shr fluctuations. For density fluctuations whose spatial wavenumber spectrum is

Kolmogorov, dnc (for fixed spatial wavenumber) ~ v3/6 [Woo, 1978], Assuming that the




fast wind near the Sun is 500 km/s [Coles, 1993], observed values of dne/ne (fixed spatia
wavenumber) for the fast wind would, therefore, have. to be reduced by a factor of
(500/250)3/6 = 1.78. We combine estimates of de/ne beyond 0.3 AU deduced from the
Helios spatial wavenumber spectra shown in Fig. 6 of Marsch and Tu [1990] with the near-
Sun scintillation results in Fig. 3. The Ulysses data points for the slow wind represent the
three highest values of dne/ne observed (DOY 228.11, 234.88 and 240.85), and the data
points for the fast wind the six lowest values of One/ne (DOY 221.89, 224.83, 226.89,
236.84, 237.82 and 248. 11). The dashed curves -- quadratic in the. case of the fast wind
and constant in the case of the slow wind ----arc intended to guide the eye. While én¢/ne of
the slow wind shows little dependence on heliocentric distance, 6ne/ne of the fast wind
inside 0.1 AU is significantly lower than that of the slow wind (as high as a factor of 30 in
amplitude and nearly 3 orders of magnitude in spectra] density level) and exhibits dramatic
growth with heliocentric distance inside 0.3 AU. We have also fit a power-]aw to the fast
wind results and find that the amplitude isroughly proportional to solar distance. It should
be pointed out that although mean densities were computed differently --- over aperiod of a
day in the case of the Helios plasma measurements and over the length of atrack (typically
about 5 hrs) in the case of the Ulysses ranging measurements - wc expect this to have little
effect on the conclusions of this paper.

1 ‘inally, wc have also plotted normalized At in ¥igs.1c¢ and 2c showing that normalized
A7, and hence normalized n, approximately tracks variations in ®ne/ne. This is apparentl y
aconsequence of the fact that n_varies more slowly than 8ne, and is highly significant,
because it means that it is possible to obtain information on variations in fractional density
fluctuations even when only measurements of density fluctuations arc available, such asin

the case of Doppler scintillation [Woo and Gazis,1993].

Conclusions and Discussion
Using ranging mecasurements of absolute electron density, the first investigation of

dne/ne in the frequency band of -6 x 10-5 - 8 x 10 -4 11z inside 40 R. shows that it varies
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from 1 to 20%. As with density fluctuations in a higher frequency band (3 x 10-3 -5 x 10-2
Hz) studied earlier [Woo and Gazis, 1993}, density fluctuations in the lower frequency band
arc highest near the ncutral line where the solar wind is slow, and lowest far from the
neutral line where the solar wind is fast. These results reinforce the fact that the. density
spectrum near the Sun depends strongly on proximity to the neutral line [Woo et al., 1994]
and cannot be represented by a single spectrum [W 00 and Arrest rong, 1979; Coleset d.,
1991]. The similarity bctween Ulysses ranging measurements of |ow-frequency
fluctuations and Pioneer Venus Doppler scintillation measurements of high-frequency
fluctuations is also consistent with the broadband nature of increase in electron density
spectram observed by Voyager [ Coleset a., 1991] during the passage of ‘transient s’ some
of which represent the extensions of corona streamers.

1 ior spatiadl wavenumber K - 1.4 x 10-6 km-|, 6ne/ne is essentialy independent of
heliocentric distance in the slow wind, while in the case of the fast wind, it is a factor of 30
lower than that of the slow wind inside 0.1 AU, and exhibits dramatic growth with
heliocentric distance inside 0.3 AU. This latter result reinforces current views of the
evolution of MHID turbulence with solar wind expansion and the association of Alfvén
waves with high speed streams based on ficlds and particles measurements made beyond
0.3 AU [Marsch and Tu, 1990; Roberts and Goldstein, 1991; Bavassano, 1994]. The
remarkably low density fluctuations associated with the fast wind aso strengthens the
argument for the presence of magnetic ficld fluctuations and Alfvén waves in high speed
streams deduced from 1 ‘araday rot ation fluctuations observed near the Sun [} lollweg et al.,
1982].

That regions of enhanced density fluctuations near or above the neutral linc coincide
with regions of enhanced density confirms previous conclusions that they arc the.
interplanetary manifestation of the heliospheric current sheet and extensions of coronal
streamers [Woo et al., 1994]. W bile the regions of enhanced densit y fluct uations lie within

those of enhanced density, they have. boundaries that arc distinctly more abrupt, suggesting
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the separation of solar wind of different solar origin and wind speed. In situ measurements
by 1SEE-3 show that the abrupt boundary west of the sector boundary survives to at least
1AU [Huddleston et al., 1994]. Since n_ varies more slowly than 6ne, variations in &ne
reflect approximately those of dne/ne, thus making it possible to obtain information on
variations in relative density fluctuations even when only measurements of density
fluctuations arc available. That variations in ®ne near the Sun are more abrupt and
prominent than variations in mean electron density enhances the value of mecasurements
based on sensing density fluctuations for observing and investigating the interplanetary
manifestation of solar phenomena. The large contrasts in dne/ne indicate that the usc of
density fluctuations as a proxy for density, at least for periods longer than ten minutes, can
be misleading especially near the Sun. It is clear that further studies including comparisons
with solar observations will lead to a better understanding of the wealth of dynamic

interplanetary phenomena observed in scintillation mecasurements near the Sun.
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FIGURE CAPTIONS

Figs. 1 and 2. Measurements during ingress (1 ‘g.!) and egress (Fig. 2): (a) Closest
approach points (crossesin 1 ‘g. 1, dotsin Fig. 2) of radio path projected onto contour map
of coronal magnetic field strength at 2.5 Ro, (b) normalized time delay At (- normalized n)
and normalized time delay scintillation ©At(~ normalized dne), (d) normalized OA7

(- normalized &n¢) and SAT /At (One/ne), and (c) radial distance in solar radii.

Fig. 3. Fractional densit y fluctuations dne/ne for spatial wavenumber K = 1.4 x 10-6 km!
(reduced wavenumber 2,2 x 10-7 km-1). Solid and hollow circles arc Ulysses ranging
measurements; solid and hollow triangles arc Helios in situ plasma measurements,
Solid points arc for fast wind and hollow points for slow wind. Dashed curve for the
fast wind (far from the neutral line) is a quadratic fit to the data, while dashed curve for

the dow wind (near the neutral line) represents a constant.
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