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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 &]c/nc  (bJIc is Ims electron ckmsity  fluctuation and nc is the mean c]cctron

clcnsity)  and providing clues about the nature and role of density fluctuations in the

expansion of the solar wind --- has not been determined, The first mcasurcmcnts of &Ie/J)c

have been carried out inside 40 }{0 using ]991 Ulysses clual-frequency S- and X-band

(13 and 3.6 cm) ranging (time delay) measurements. ]n the frequency band of

-6 x 10-s -8 x 10’4 Hz (periods of 20 min to 5 hr), &lc/nc  varies fron] a high of near 20%

in the slow wind near the neutral line to a low of about 1 % in the fast wind far from the

neutral line. l~or spatial wavenumbcr  K - 1.4 x IO-c km-l (5 hr period at 250 km s-1),

&Ic/nc  is essential] y indcpcnclent  of heliocentric distance over 0.03- 1.0 AIJ in the slow

wind; it is a factor of 30 lower in the fast wind thati in the slow wind inside  0.1 AU, but

exhibits dramatic growth with heliocentric distance inside 0.3 ALJ. “l’his latter result

reinforces current views of the evolution of M 1 II) turbu]cncc  and the. association of Alfv&~

waves with high speed streams based on fields and particles measurements made beyond

0.3 AIJ, That regions of enhanced density fluctuations near or above the neutral line

coincide with regions of enhanced density confirli~s  previous conclusions that they arc the

int crplanct ary manifcstat ion of the hcliosphcric current slmct and extensions of coronal



stmamcrs,  While the regions of cnhancccl clcnsity  fluctuations lic within those of enhanced

clcnsity, they have boundaries that arc distinctly more abrupt, suggesting the separation of

solar wind of different solar origin and wind speed.

lnlrocluction

Radio scintillation and scattering measurements, conducted first with natural radio

sources and later also with spacccraf( radio signals, have rcvcalcd substantial electron

density fluctuations in the inner hcliosphcrc  near the source region of the solar wind where

in siiu measurements have not yet been ]nadc. Much is known about the density

fluctuations from such mcasurmcnts,  including the depcndcncc  of their fluctuation level

bnc on heliocentric distance, solar latitude, and solar cycle [Hrickson, 1964; Bourgois and

Colts, 1992], their anisotropy [Armstrong ct al., 1990], and their spatial wavcnumbcr

spectrum [Woo and Armstrong, 1979; Colts ct al,, 1992]. A critical characteristic that has

not been dctcrmincd in the past is the level  of relative or fractional density fluctuations

&]e/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 wincl [Marsch,  1991;

Roberts and Goldstein, 1991 ]. Measuring, relative density fluctuations has takcm  on added

interest and significance with the rcccnt  discovery of Iargc variations in &Ic in the vicinity of

the Sun [Woo ancl Ga7.is, 1 993; Woo cl al., 1994]. Knowledge of relative dcmsity

fluctuations also has rc]cvancc when clcnsity  fluctuations inferred from radio scintillation

ancl scattering measurements arc used as a proxy for density [Newkirk, 1967; llouminer

and } lcwish, 1974; Ananthakrishnan et al., 1980; ‘1’appin,  1986; Woo and Gaz,is, 1994].

IJctcrmination of fractional density fluctuations requires the mcasurcmcnt of absolute,

electron density, which is provided by clual-frcclucncy  observations of time clclay  or

ranging. Such measurements were conducted by the lJl ysscs Solar Corona } ixpcrimcnt

[llircl  ct al., 1994] at wavc]cngths  of 13.1 ancl 3.6 cm in August 1991 ancl form the basis of

this study,
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Olmnwtions and Resu]ts

l’ime  delay, or ranging, measures path-intcp,ratcxl  electron density or total electron

content, but lo a good approximation it is proportional to electron density nc at the. closest

approach point of the radio path [Uircl et al., 1994]. q’bus, the ranging time series can bc

rcgardccl  equivalently as the time scrjcs of cle.ctron density, with the observccl  ranging

scintillation representing the density

measurements, density fluctuations &lc

temporal (rather than spatial) domain.

Relcvmt  porlions of liig. 4 of Bird

fluctuations. As in the case of in .~if/4  plasma

okrvccl  in this manner refer to fluctuations in the

ct al, [ 1994] showing the contour map of coronal

magnetic field strength at 2.5 R. during the 1991 lJlysscs  radio nmasurcments  arc

reproduced jn }{igs. 1 a and 2a; the map was provi(icd  by J .“1’, 1 lockscma, as adaptccl  from

Solar Gcophysjcal data [Ilockscma and Schcmr,  1986]. l’hc crosses jn I;ig. 1a (dots jn

I jig. 2a) represent the closest approach points of the Ulysses radio path on the denote.d clays

of year (1 JOY) during the jngrcss (egress) phase of superior co~~junction,  and hcncc indicate

the corresponding approximate regions probed. Sclcctcd  actual radio path segments near the

closest approach points for a fcw days are, also shown.

Using t}~c 10-rein mcasumnemts  of diffcrcntia] t imc delay, wc have computed the mean

values (AT) and standard dcvjations  (OAT) - ~~ proportjona] to density and density

fluctuations, respcctjvc]y  ---- during the duration of each DSN tracking pass, Although the

avc.raging  periods were typjcally  S-1 O hours long, there were a fcw cases wjth periods less

than 2 hours. To remove the depcndcncc on heliocentric distance, wc have scaled t}lc

ingress and egress path-integrated ~ncasurcnmts  of time delay to 1 All according to the.

radial dcpc.ndcncics  of R- 1’54 and R-1.42 determined by l)jrd ct al. [1994], respect ivcl y. Wc

IIavc also scaled the standard deviations of time,  delay to 1 AIJ according to the radial

dcpcndcncc  of R- 1 “s, as has been observccl  h) cquivakmt  IIopplcr scintillation measurements

near the Sun [Woo, 1978],
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‘1’hc Iimc hislorics of normalized A% and OAT in nanoseconds for ing,ress  and egress arc

displayed in Figs. lb and 2b, rcspcctivcly,  } ‘or convenience of comparison with the coronal

field maps, the time axes have been rcvcrscd and displayed in such a manner that DC)Y lines

up approximately with the corresponding crosses (dots) in }~ig,  1 a (I jig. 2a).

Corresponding hclioccntrjc distances arc shown in l;igs, 1 d and 2d, indicating that the

lJlysscs measurements took place inside 40 Ro.

As has been found in 13ird et al. [1994], the density profiles in 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 nmasurcmcnts  surrounding sector boundaries at 1 AU

~Gosling et al., 1981; Hudd]eston  et al,, 1994]. Whi]c t}lc profiles of &~c for the frequency

bane] of -5 x 10-s --8 x 10’4 }Iz in l;igs. 1 b and 2b follow the same general pattern as ne,,

the variations of &~c arc distinctly more abrupt and significantly greater (larger than an order

of magnitude for &)c vs less than a factor of 2 for nc). ‘J’his is also demonstrated in plots of

bncplc  in IJigs, 1 c and 2C --- obtained by divicling the standard clcviations CJA7 by the. mean

values AT of time delay -- showing variations of 1 -20$Z0 and an order of magnitude contrast

(corresponding to two orders of magnitude contrast in spectral clcnsity  levels) between fast

(far from neutral line) and slow (near neutral lilm)  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 spatial scale. 1.ct  us do this for fast

(minimum &Ic/J~c) and slow (maximum &~e,/nc)  whld observed near the SUJI by the l. Jlysscs

remote sensing radio measurements and beyond 0.3 AIJ by 1 lclios  in sifli plasma

~ncasurcmcnts  [ Marsch and Tu, 1990]. Assuming a speed of 250 knl/s  for the slow wind

near the Sun ~Colcs,  1993] , the corresponding spatial wavcnumbcr K (K=2nf/v, where f is

fluctuation frequency and v is transverse solar wind spcccl) is 1.4 x 10-6 km-1

(corresponding to reduced wavcmmbcr  k* =: 2.2x 10-7 km-] [Marsch and ‘1’u, 1990])  for

5 hr fluctuations. l;or density fluctuations whose spatial  wavcnumbcr  spectrum is

Ko]mogorov, &Ic (for fixed spatial wavcnumbcr) - vSIG [Woo, 1978], Assuming that tlm
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fast wind near the Sun js 500 lml/s [Coles, 1993], observed values of &)c/nc  (fixed spatial

wavcnumbcr)  for the fast wjncl would, thcrcforc,  have. to be reduced by a fi~ctor  of

(SOO/250)s/~  = 1.78. We combine estimates of &Ic/nc beyond 0.3 ALJ deduced from the

1 lclios spatial wavcmumbcr  spectra shown in l~jg. 6 of Marsch and Tu [1990] with the ncar-

Sun scintillation results jr) Fjg. 3. l’hc lJlysscs data points for the slow wind represent the

three highest values of &@~c observed (IX)Y 228.11, 234.88  and 240.85), and the data

points for the fast wjncl the sjx lowest values of &~c/nc  (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 wjncl ----arc intended to guide  the eye. While &neAjc  of

the slow wind shows little dcpcndcncc on heliocentric distance, &lc/nc  of the fast wjnd

jnside 0.1 AIJ is significantly lower than that of the slow wind (as high as a factor of 30 in

amplitude and nearly  3 orders of magnitude jn spectra] density ICVCI) and exhibits dramatic

growth wjth heliocentric distance jnsidc  0.3 ALJ. We have also fit a power-]aw to the fast

wjnd results and find that the amplitude  is rou~hly  proportional to solar distance. It should

bc pointed out that although mean dmsjties were computed differently --- over a period of a

day in the case of the IIclios plasma mcasurcmcnts  and over the lcng(}l  of a track (typically

aboui 5 hrs) jn the case of the lJlysscs  ranging mcasurcmcnts  - wc expect this to have little

effect on the conclusions of this paper.

1 tinally, wc have also plotted normalized AI jn l~jgs.  1 c and 2C showjng  that normalized

AT, and hcncc  normalized nc, approximately tracks variations in &)c/nc. ~’his is apparcntl  y

a conscqucncc  of the fact that nc varies more slowly than &~c,,  and is highly significant,

bccausc it means that it js possible to obtain information on variations in fractional density

fluctuations even when only mcasurcmcnts of density fluctuations arc available, such as in

the case of llopplcr  scintillation [Woo and Ga74is,  1 993].

Conclusions and Discussion

Using ranging mc.asurc.mcnts  of absolute electron clcnsity, the first investigation of

?me,/nc in the frequency band of -6 x 10-s - 8 x 10’4 }Iz inside 40 R. shows that it varies
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from 1 to 20%. As with density fluctuations in a highc,r  frequency banct  (3 x 10-s -5 x 10-2

IIz,) stucticct  earlier [Woo and Gazis, 1993], density fluctuations in the lower frequency bard

arc highest near the ncutra] line where the solar winct  is slow, and lowest far from the

neutral line where the solar wind is Pmt. These rcsu]ts rcinforcc the fact that the. ctcnsity

spectrum near the Sun depends strongly on proximity to the nc.utral line [Woo et al., 1994]

and cannot bc rcprcscntcd by a single  spcctrLml  [W 00 and Arrest rong, 1979; ~olcs  et al.,

1991]. The similarity bctwccn  lllysscs ranging measurements of low-frequency

fluctuations and Pioneer VcnLIs IIopplcr  scintillation nmasurements of high-frequency

fluctuations is also consistcmt with the broadband nature of incrcasc in electron density

SpCCtrLllll  observed by Voyager [ ~olcs ct al., 1991] during the passage of ‘transient s,’ some

of which represent the extensions of coronal streamers.

1 Jor spatial wavcmunber  K - 1.4 x 10-6 km-l, &~c/nc is essentially inctcpcndcnt  of

hc]ioctmtric  ctistancc 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 insicle.  0,1 AU, and exhibits dramatic growth with

heliocentric distance insiclc 0.3 AU. ‘J’his latter result minforccs  current views of the.

evolution of MI II> tLubulcmce  with solar wind expansion and the association of Alfvdn

waves with high speed streams based on ficlcls and partic]cs  mcasurcmcnts made beyond

0.3 AU [Marsch and ‘1’u, 1990; Robcr(s  ancl Goldstein, 1991; Bavassano, 1994]. ‘1’hc

rcmarkab]y  low density fluctuations associated with the fast wind also strengthens the

argmncnt for the prcscncc of magnetic ficlcl fluctuations and Alfv6n waves in high spcccl

streams dcduccd  from 1 :araday  rot ation fluctuations observed near the Sun [} lollwcg ct al.,

1982].

‘J’hat regions of cnhancccl  ctcnsity fluctuations near or above the ncutra] lim coincide

with regions of e.nhanccd  density confirms previous conclusions that they arc the.

interplanetary manifestation of the hcliosphcric cmrcnt sheet and extensions of coronal

streamers [Woo et al., 1994]. W bile the regions of cnhancccl dcnsit y fJuct uations  lic within

those of cnhanccd  density, they have. boundaries that arc distinctly more abrLlpt,  suggc.sting
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tllcseSJaratioIl  ofsolar willdof differcllt solar origin an(lwitldspccd,  l~~si2[/])3casLlrcIl)cnls

by lS1iE-3 show that the abrupt  boundary west of the sector boundary survives to at least

1 AU [Huddlcston  et al., 1994]. Since nc varies more slowly than he, variations in hc

reflect approximately those of &~c/nc, thus n~aking  it possible to obtain information on

variations in relative density fluctuations even when only measurements of density

fluctuations arc available. ~’hat variations in he mar the Sun arc more abrupt and

prominent than variations in mean electron density enhances the value of nwasurcmcnts

based on sensing density fluctuations for observing and investigating the interplanetary

manifestation of solar phenomena. The large contrasts in Snc,hc 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 furlhcr  stLldim  including comparisons

with solar observations will lead to a better understanding of the wealth of dynamic

interplanetary phenomena observed in scintillation mcasurcmcnts near the Sun.
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}dgs. 1 and 2. Measurements during ingress (1 Jig, J ) and egress (I;ig. 2): (a) CHoscst

approach points (crosses in 1 ~ig. 1, dots in l~i.g. 2) of radio path projected onto contour map

of coronal magnetic field strcngih  at 2.5 Ro, (b) normaliml  time delay AT (- normalized nc)

and normalized time delay scintillation OAZ (- normalized ?ine), (d) normalized (3Az

(- norma]izcd  &~c) and CJAZ /Az (&l~nc), and (c) radial distance in solar radii.

liig. 3. ITactional dcnsit  y fluctuations &@c for spatial wavcnumbcr  K = 1.4 x 10-6 knr~

(rcdLlccd wavcnumbcr  2,2 x 10--1 km-l). Solid and hollow circles are lJlysscs ranging

measurements; solid and hollow {rianglc,s  arc } lclios in situ plasma mcasurcmcnts,

Solid points arc for fast wind and hollow poinls  for slow wind. IIashcd curve for the

fast wind (far from the neutral line) is a quadratic fit to the clata, while dashed cmvc for

t}~c slow wind (near the neutral line) represents a constant.
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