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Abstract. We present Very Large Array observations at wavelengths of
2, 3.5, 6, and 20 cm, of angular broadening of radio sources due to the solar
wind in the region 2—-16 solar radii. Angular broadening is anisotropic
with axial ratios in the range 2-16. Larger axial ratios are observed
preferentially at smaller solar distances. Assuming that anisotropy is due
to scattering blobs elongated along magnetic field lines, the distribution
of position angles of the elliptically broadened images indicates that the
field lines are non-radial even at the largest heliocentric distances observed
here. At 5R, the major axis scattering angle is ~ 0.7" at A= 6 cm and
it varies w1th heliocentric distance as R 6. The level of turbulence,
characterized by the wave structure function at a scale of 10 km along the
major axis, normalized to A = 20 cm, has a value 20 + 7 at SR_and varies
with heliocentric distance as R~. Comparison with earlier resu lts suggest
that the level of turbulence is hlgher during solar maximum. Assuming a
power-law spectrum of electron density fluctuations, the fitted spectral
exponents have values in the range 2.8-3.4 for scale sizes between 2-35 km.
The data suggests temporal fluctuations (of up to 10%) in the spectral
exponent on a time scale of a few tens of minutes. The observed structure
functions at different solar distances do not show any evidence for an
inner scale; the upper limits are | k m at 2 R and 4 km at 13 R_. These
upper limits are in conflict with earlier determinations and may suggest
a reduced inner scale during solar maximum.

Key words: Sun: solar wind, scintillations, angular broadening—Methods:
observational, radio imaging.

1. Introduction

Scattering of radio waves in an inhomogeneous medium leads to angular broadening
of radio sources which can be measured using suitable interferometers. Under certain
scattering conditions, the intensity of the radio source fluctuates with time giving
rise to the phenomena of scintillations. Interferometric measurements of angular
broadening is useful in determining several properties of the scattering medium. The
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mutual coherence function, which an interferometer measures, is directly related to
the wave structure function of the scattering medium, which, in turn, is related to
the spectrum of the density fluctuations (Coles & Harmon 1989). Any anisotropy in
the scattering medium, which may be related to the orientation of the magnetic field,
is directly obtained by either a radio synthesis image or a model fit to the measured
visibilities. In the case of interplanetary scintillations (IPS) the intervening medium
is the solar wind, which is an outflowing plasma generated near the sun and accelerated
outwards to reach a velocity of ~ 400 km s ' at ~ 30 solar radii (R,)- Angular
broadening of the strong radio source, Crab nebula, due to scattering in the solar
wind, has been studied using simple interferometers from as early as 1952 (Machin
& Smith 1952; Hewish 1955; Vitkevich 1955; Hewish 1958; Slee 1959; Hogbom 1960;
Erickson 1964) and in fact predates the discovery of IPS (Hewish, Scott & Wills
1964). The first two dimensional images of angular broadening of the Crab nebula
using aperture synthesis technique was obtained by Blesing & Dennison (1972) using
the Culgoora radio heliograph. These early measurements, which were made at low
frequencies ( < 200 MHz), had already established the anisotropy in the scattering
medium as also the variation of scattering angle as a function of solar distance in
the range 5-60 R,

The Very Large Array (VLA), which has an excellent instantaneous UV coverage
with baselines up to 35 km and multiple operating wavelengths (A = 1.3, 2, 3.5, 6, 20,
90 cm), is well suited for studying the scattering phenomena in the solar wind,
especially at small solar elongations (2-20R ). The mean electron density in the
solar wind varies as ~ R 2 where R is the distance from the Sun, and the magnitude
of the scattering angle varies with observing wavelength as A% It is therefore possible
to tune the degree of scattering at a given elongation by choosing observing wave-
lengths appropriately. The high sensitivity of the VLA permits observation of even
weak sources (typically < 1 Jy at 20 cm) whose lines of sight pass close to the Sun.
Armstrong et al. (1986, 1990) were the first to use the VLA to study the angular
broadening of the radio source 3C279 and obtain information on the wave structure
function, anisotropy and radial dependence of scattering. Subsequently Cornwell,
Anantharamaiah & Narayan (1989) used the VLA to obtain high time resolution
(tens of milliseconds) images of 3C279 when its line of sight passed close to the Sun.
( < 1°) and established the coherence properties of the scattered radiation. Narayan,
Anantharamaiah & Cornwell (1990) used longer time-averaged images (~10 s) of
3C279 to show that refractive scintillation occurs in the solar wind and also that the
area of the angular broadened image fluctuates in correlation with the total flux as
predicted theoretically.

In this paper we present angular broadening observations of three radio sources
using the VLA when the elongation of these sources varied between 0.5° to 4°. The
motivation for these observations was to study the nature of scattering in the solar
wind close to the Sun at many different position angles. At each of the observed
position these data provide information on the degree of anisotropy, orientation of
the major axis and level of turbulence, which are, in turn, related to the orientation
of the magnetic field and the magnitude of the density fluctuations in the solar wind.
The measured visibilities (correlations of the electric field) are directly related to the
wave structure function of the scattering medium (Coles & Harmon 1989; Armstrong
et al. 1990) from which we can obtain the spectrum of the density fluctuations which is
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assumed to have a power-law form. It may be mentioned here that for the range of
elongations observed here there is no direct way of measuring either the magnetic field
or the density fluctuations, since the region is too far from the Sun for solar magneto-
grams and too close to the Sun for space probes.

The integration time of the scatter-broadened images obtained here is typically
~ 10 minutes and therefore correspond to the so called ‘ensemble-average’ regime as
discussed by Narayan ez al. (1990) and Goodman & Narayan (1989). This regime is
obtained when the integration time f, > tr = 6,D/V where 6 is the scattering angle,
D is the distance to the scattering screen (= 1 AU here) and Vis the transverse velocity
of the medium with respect to the observer. 8D (also known as the refractive scale
rwf) 18 the largest scale on the screen from which a given point in the observer plane
receives the scattered radiation. Other length scales (and corresponding time scales)
that come into play when scattering occurs are the Fresnel scale r» =VAD and
diffractive scale rgg = A/6s. rqge represents the transverse scale over which the rms
phase difference due to the phase changing screen is of the order 1 radian. The
demarcation between weak and strong scattering regimes is at rgg = rr. When
rag < rp scattering is strong and the angular broadening of the source () is larger
than the Fresnel angle (6r = re/D). The behaviour of interferometric visibilities in the
weak scattering regime has been discussed in detail by Cronyn (1972) and in the
strong scattering regime by Narayan & Goodman (1989) and Goodman & Narayan
(1989). Cornwell ef al. (1989) have presented both theoretical and observational study
of interferometric imaging in the °‘snapshot’ regime (£, < tuer = rai/V) under
conditions of strong scattering. A summary of the behaviour of scatter-broadened
images in different regimes of integration time and scattering strength can be found
in Narayan et al. (1990).

In the present observations which cover an elongation range of ¢ = 0.5°— 4°, we
find that strong scattering occurs for e< 1.0° at 1 = 2 cm, for € < 1.5° at 3.5 cm, for
€<2.5° at 6 cm and for the entire observed range of elongations at A = 20 cm. The
diffractive scales (rg) in these regions of the solar wind range from a few kilometers
to several tens of kilometers at these wavelengths (which is very similar to the range
of VLA baselines) and the refractive scales (7f) are about a hundred to a few thousand
kilometers. The corresponding time scales are fgr ~ 0.01 — 0.5 s and # ~ 0.5 — 50s
if we assume the solar wind velocity to be ~ 350 km s'. Notice that the length
scales in. the solar wind are comparable to the baselines available in ground based
radio interferometers such as the VLA and the VLBA and the time scales are
comparable to typical integration times used for visibility and image measurement.
Furthermore, anisotropy, which is caused by the relatively strong magnetic field
(compared to interstellar conditions) in the solar wind is easily measured with these
interferometers. As such, solar wind offers the right conditions for testing many
predictions of scattering theories.

This paper is organized as follows. In section 2 we describe the observations and
calibration of the data. Section 3 describes imaging and image analysis in which we
obtain the angular size and orientation of the major and minor axes of the scatter-
broadened images. The measured visibilities are analysed in section 4 in terms
of the wave structure function of the scattering medium and also through least squares
fit of a scattering model with parameters such as anisotropy, scattering strength, and
index of the power law spectrum of density fluctuations in the medium. Finally, the
derived parameters are discussed in section 5.
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2. Observations

Observations were made using the A-configuration of the VLA during the period
2—-6 November 1988. Three sources, 1430-155, 1437-153, and 1443-162, which are
considered as VLA calibrators (i.e. they are unresolved over the range of VLA
baselines) were observed each day at two or more wavelengths chosen depending on
the elongation. These sources have flux densities in the range 0.50-9.0 Jy at our
observing wavelengths. In Fig. 1, we show the positions of the three sources with
respect to the Sun on different observing dates. Columns 1-3 of Table 1 gives the
source name, date of observation, elongation and observing wavelength. Columns
3-5 of Table 2 gives the heliographic latitude, position angle of the line joining the
direction of the source and the centre of the Sun measured clockwise from north and
the Carrington longitude for the different dates. One of the main problems of observing
close to the Sun is that the strong radio flux from the Sun's disk can enter through
the side lobes of the primary beam of the antennas and corrupt the visibility
measurements of the source. The problem is especially severe at longer wavelengths,
where the primary beam is large and the Sun is stronger, and for short baselines, for
which delay decorrelation is less. The smallest elongation where useful data could
be obtained at our longest observing wavelength (A = 20 cm) was ~ 1.3° and at the
shortest wavelength (A = 2 cm) it was ~ 0.5°.

Each source was observed for about 10 minutes in the standard VLA continuum
mode with a bandwidth of 50 MHz and an integration time of 10 seconds per visibility.
At each wavelength, data was recorded from both polarization channels in two
intermediate frequency (IF) bands. The instrumental phase and amplitude were
calibrated using observations of the source 1354-152 which was > 10° away from
the Sun. The amplitude scale was set by observing the source 3C286.

The three sources were again observed on 6 January 1989 when they were > 40°
away from the Sun to determine their intrinsic structure. Two of the sources (1430-155
and 1443-162) were found to be point-like and completely unresolved at all wave-
lengths over the VLA baselines in the A-configuration. However, the third source
1437-153 was found to be a radio galaxy with a strong core and two weak and
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Figure 1. Position of the three observed sources with respect to the Sun on different dates.
The number at each position indicates the date of observation in November 1988.
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Table 1. Parameters from scatter broadened images.
Date € A Flux = 0p,j Omin PA p
source (°)  (ecm) (Iy) (") (") (®)
(1) 2 3 @ (5) (6) (N (8)
2 Nov.88 066 35 070 0.163(3) 0.06(1)  82(2) 2.8(5)
1430-155 6 062 044(1) 0.07(x)  87(9) 6.0(26)
2 Nov.88 1.53 35 0.82 0.088(2) 0.031(7) 11(1) 2.8(6)
1437-153 6 0.71 0.297(5) 0.105(5) 17(1) 2.8(1)
2 Nov.88 3.29 3.5 0.62 0.032(1) 0.018(1) 33(2) 1.8(1)
1443-162 6 057 0.08(1)} 0.04(1)  34(4) 2.0(6)
‘ 20 044 1.07(1) 0.39(1) 27(1) 2.7(1)
3 Nov.88 119 2 074 0064(1) 0.017(2) 166(1) 3.8(5)
1430-155 3.5 1.04 0.125(]) 0.051(1) 154(1) 2.5(1)
6 0.75 0.60 (1) 0.18(1) 161(1) 3.3(2)
3 Nov.88 0.54 2 0.76 0.285(7) 0.08(1) 14(1) 3.6(5)
1437-153 3.5 0.64 1.049(1) 0.29(1) 16(1) 3.6(1)
3 Nov.88 2.29 3.5 0.66 0.06(1) 0.025(5) 38(2) 2.4(6)
1443-162 6 0.52 0.205(5) 0.117(5) 23(2) 1.8(1)
20 0.28 3.6(1) 2.18(4) 17(2) 1.7(1)
4 Nov.88 210 6  0.88 0.308(3) 0.08(1) 177(1) 3.7(5)
1430-155 20 0.26 -4.26(3) 0.78(1) 179(1) 5.5(1)
4 Nov.88 1.31 3.5 0.61 0.16(1) 0.02(1) 38(x) 6.7(34)
1443-162 6 0.50 0.64(1) 0.16(1) 35(1) 3.9(3)
20 0.25 9(1) 3(.5) 36(3) 2.9(6)
5 Nov.88 3.07 3.5 0.85 0.042(1) 0.022(1) 1(1) 1.9(1)
1430-155 6 0.88 0.12(1) 0.05(1) 7(2) 2.?(6)
20 0.33  1.29(1) 0.29(1) 5(1) 4.5(2)
5 Nov.88 1.46 2 0.86 0.096(1) 0.018(5) 23(2) 5.3(15)
1437-153 3.5 0.77 0.35(1) 0.05(1) 24(1) 6.9(14)
6 060 1.43(1) 0.16(1)  22(1) 8.9(6)
20 039 10(1)  3.8(1) 21(3) 2.6(3)
5 Nov.88 043 2 032 079(1) 023(1)  47(1) 3.5(2)

1443-162
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Table 1. (continued).

"Date € A Flux Oma; Oimin PA p
source () (em) (Jy) ) (") (®)
(1 (2)  (3) (4) (5) (6) (7 (8)
6 Nov.88 406 6 089 0.074(3) 0.016(4) 1(1) 4.6(12)
1430-155 20 038 067(3) 020(1) 14(1) 3.4(2)
6 Nov.88 246 2 127 0.025(4) 0.013(5) 19(10) 1.9(8)
1437-153 6 071 0.18(1) 007(1) 17(3) 2.8(4)
20 054 328(5) 12(1)  24(1) 2.7(2)
6 Nov.88 089 2 074 0245(5) 0.02(5) 175(1) 11(3)
1443-162 35 060 061(1) 0.0753) 175(1) 8.2(4)
- 6 035 273(2) 0.286(4) 175(1) 9.6(2)

Notes: (1) Numbers in parenthesis are 1o errors and apply to the last
decimal digit of the value quoted.
(2) (x) indicates that the error could not be estimated.
(3) Formal error on the flux densities (column 3) is < 0.01 Jy.

extended lobes which become stronger at longer wavelengths. Visibility data of this
source on short baselines is noticeably affected by its intrinsic structure at A =20 cm.

3. Imaging and image analysis

Images of the scatter broadened sources were obtained from the measured visibility
data using standard radio synthesis methods as implemented in the software package
AIPS (Astronomical Image Processing System) developed by NRAO. A common
problem in synthesis imaging with long baselines and short wavelengths is the error
introduced in the measured visibility (especially its phase) due to the atmosphere. On
the assumption that this error is only dependent on antenna positions, corrections
can be derived using the technique of self-calibration (Cornwell & Fomalont 1989).
In the present case however, care should be exercised since scintillations themselves
will cause fluctuations in the measured visibility phase (and amplitude). In almost all
the cases observed here, we expect stable scatter-broadened images since f, (~ 10
minutes) is much greater than f (< 0.5 minutes). It several cases, especially at shorter
wavelengths, images made without the application of self-calibration showed artifacts
indicative of effects due to the atmosphere. In these cases, we found that application
of phase corrections obtained from self-calibration with either a point-source model
or an initial model obtained from positive ‘clean components’, vastly improved the
quality of the images. During self-calibration, we used a visibility averaging time #,.
of one minute which is much larger than the diffractive time scale 45 (< < 1 s) and
comparable to the refractive time scale #... We therefore expect that the phase
variations due to diffractive scintillation to be averaged out and there would be no
modification of the scatter-broadened image. Cornwell et al. (1989) have discussed
the case when #,,. < g, and show that self-calibration in this regime actually removes
the angular broadening because of the spatial coherence property of the scattered
radiation.

Some examples of scatter-broadened images which are well resolved in the present
observations are shown in Figs. 2a and 2b. These images were obtained after applying
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phase-corrections from self-calibration as explained above and deconvolving the ‘dirty
images’ (Fourier transform of the measured and corrected visibility function) using
conventional ‘clean’ For each image in Fig. 2, the direction of the line joining the
center of the image and the center of the Sun's disk is indicated. Two main results of
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Figure 2a. Examples of scatter-broadened images at wavelengths of 2 and 3.5 cm. Elongation
of the source and the wavelength of observation are indicated in each frame. Arrow indicates
the direction of the Sun’s centre. The contour levels are — 0.5, 0.5, 1, 1.5, 2 to 10 in steps of 1
unit where 1 unit is 43.8 mJy/beam for the top-left frame, 10.5 mlJy/beam for the top-right
frame, 4.1 mJy/beam for the bottom left frame and 26.7 mJy/beam for bottom-right frame. The
restoring beam is shown in the bottom left corner of each image.
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Figure 2b. Examples of scatter-broadened images at wavelengths of 6 and 20 cm. Elongation
of the source and the wavelength of observation are indicated in each frame. Arrow indicates
the direction of the Sun’s centre. The contour levels are — 0.5, 0.5, 1, 1.5, 2 to 10 in steps of 1
unit where 1 unit is 29.1 mJy/beam for the top-left frame, 2.0 mJy/beam for the top-right frame,
8.0 mJy/beam for the bottom left frame and 11.1 mlJy/beam for bottom-right frame. The
restoring beam is shown at the bottom left corner of each image.

these observations are evident in Fig. 2. First, the scatter-broadening in the solar
wind is highly anisotropic at small elongations in. agreement with earlier findings
(Hewish 1958; Hogbom 1960; Blesing & Dennison 1972; Narayan et al. 1989,
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Armstrong et al. 1990). We find that the axial ratios are in the range 2—-16 depending
on the elongation and position angle. In Fig. 3, we show schematically the elliptical
shapes of the scatter-broadened images at different positions with respect to the Sun
at four different wavelengths. The second result is that the orientation of the major axis
deviates significantly from being normal to the radial from the Sun's center. At some
positions, the deviation is in the range 50-75°.

An elliptical gaussian source was fitted (using the procedure JMFIT in AIPS) to
each of the observed scatter-broadened image to obtain the angular size of its major
and minor axes, the position angle and the total flux. The fitted values along with
the formal 1o errors are given in columns 4-7 of Table 1. Column 8 of Table 1 gives
the anisotropy p= 6./ Omin obtained from the images.

4. Visibility analysis

Although the images shown in the previous section, which were obtained by Fourier
transformation of the measured visibilities, provide a good visual picture of the scatter
broadening and give quantitative estimates of the scattering angle and anisotropy,
there are likely to be some biases. For example, if the scatter-broadened images are
not gaussian in shape (as would be the case for a power-law spectrum of density
fluctuations), then the fitted parameters will be biased. However it is possible to
directly analyse the measured visibilities in terms of the scattering parameters. The
measured visibilities are the time averaged electric field correlations between different
points on the ground given by

V(s) <(E(ME*(r +)) (1

where s represents the baseline vector. The spatial coherence of the electric field
described by the mutual coherence function is simply the normalized visibility
given by

V(s
re)=— @
V(0)
The mutual coherence function (equation 2) lends itself to straightforward interpreta-
tion in terms of the scattering properties of the medium and also the spatial spectrum
of electron density fluctuations in the medium. The relevant theory is discussed by
Coles & Harmon (1989) and Armstrong et al. (1990). Briefly, the mutual coherence
‘is related to the wave structure function D(s) = ([ () — #(r+ 5)]*) by

F(s)=exp|:—-95(s—):| (3)

(3) where () is the geometric phase delay on a straight line path from the source to
the observer at position . If the scattering medium is characterized by an electron
density fluctuation spectrum of power-law form Py.(q) o g 7 for gou < ¢ < ¢in, Where
q is the wavenumber, then the wave structure function also has a power law form
given by D(s) o« "2 for 2 <f<4. Furthermore, at the inner scale sin = 2u/g;, the
structure function breaks to the form D(s) o« s?. A plot of logD(s) versus log(s) can
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therefore be used to obtain the value of f and also the inner scale if it falls within
the range of baselines covered by the observations. Note that useful measurements
of the structure function can be obtained only over the range of baselines covered
by the observations and only when the scatter broadened source is partially resolved
by the interferometric array. Since the structure function D(s) scales as A?, different
wavelengths are effective for different range of scales in the scattering medium. Since
the range of scales in our observations are fixed by the range of VLA baselines and
since scattering angle increases with decreasing elongation, observations at shorter
wavelengths (e.g. 2 cm) provide information at smaller elongations and those at longer
wavelengths (e.g. 20 cm) are useful for larger elongations.

Application of the above to the present observations is slightly complicated due
to the anisotropy in the scattering medium. Anisotropy implies that the scattering
blobs are preferentially elongated in one direction, presumably along the local
magnetic field lines. If we assume that the shape of the electron density fluctuation
spectrum is independent of direction (i.e. index S has the same value along all
directions) then Py.(q) o [¢> +(%/p)2]’ﬁ/2 , where p is the axial ratio of the blobs
and the x-axis is chosen along the direction of elongation in the plane normal to the
line of sight. Note that any elongation along the z-direction is projected out. The
structure function has the form D(s) o [s7 + (os,)?]6-22. In the present
observations, the baselines s are distributed in the xy plane and the orientation of the
major axis varies from source to source. A plot of D(s) versus s of all the data will show
a lot of scatter since the scattering angle is a function of position angle due to the
ellipticity of the image. However for baselines with the same orientation (e.g. baselines
lying along one of the arms of the VLA), the mutual coherence function I'(S) and
therefore the structure function D(s) will show a simple monotonically increasing
behaviour with s.

In Fig. 4, we show plots of log D(s) versus log(s) from one of the observations
for five sets of baselines; three corresponding to the three arms of the VLA and the
other two to the baselines along the major and minor axis of the scatter-broadened
image. To make these plots, the visibilities on each baseline were averaged over the
duration of the observations (~ 10 minutes) and therefore correspond to ensemble
average visibilities. Within the errors, the slopes of log D(s) versus log(s) plots in
Fig. 4, corresponding to the 5 sets of baselines, agree with each other indicating
that the value of f is independent of direction. Plots, similar to Fig. 4, were made
for all the 36 observations shown in Table 1. Out of these 36, 12 showed well
determined structure functions with consistent slopes along the five different position
angles. In the remaining 24 cases, 8 each had structure functions well determined
along 4, 3, and 2 position angles. In these 24 cases, the structure function was not
well determined at other position angles since the source was either resolved or
unresolved on the available baselines. The average value of the spectral exponent f
obtained from the slopes of log D(s) vs. log(s) plots is given for each case in column 15
of Table 2.

The value of the structure function along the major and minor axis of the image,
at s = 10 km and scaled to 4 = 20 cm, are given in columns 12 and 13 of Table 2. The
values obtained from observations at different frequencies are consistent within the
errors. We further examined the consistency of the data obtained at different
frequencies at a given elongation by making plots of log D(s) vs log(s) for the same
position angle. An example is shown in Fig. 5. For comparison the structure function
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Figure 4. Structure function, scaled to 4 = 20 cm, along five position angles for the source
1430155 observed at an elongation of 1.2° and 4 = 6 cm. The position angles and the slope
of the fitted line are given in each frame. The position angles correspond to the three arms of
the VLA and the major and minor axis of the image. The slope of the structure function is
equal to f-2 where f is the exponent of the power-law spectrum of electron density fluctuations
defined as Py, (q) oc ¢ 7.
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Figure 5. Structure function at 2, 3.5, and 6 cm, each scaled to A = 20 cm, for the source
1443-162 observed at an elongation of 0.9°. The position angle is — 74° and corresponds to
the east arm of the VLA. The slopes of the fitted lines and their errors are also indicated.

at each frequency has been scaled to 4 = 20 cm. Fig. 5 shows that, although the
magnitude of the structure function is roughly consistent at the three frequencies and
follows the expected A* law, the slope of the function decreases systematically with
increasing wavelength. Since the range of baselines (s) over which the slopes are
determined at the three frequencies are nearly the same, this variation cannot be
attributed to any possible change in the spectral exponent with scale size. Presence
of any inner scale within these range of baselines is also ruled out since no break is
seen in the slope. We examined eleven cases for which well determined structure
function (as in Fig. 5) could be obtained at more than one frequency and found no
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Figure 6. Structure functions, scaled to A = 20 cm, at all the observed elongations. Wavelength
of observation, date, source name, position angle of baselines and the elongation are given for
each frame. For example, the top left frame is observation of the source 1443-162 at u band

10 100100<

2 51020

10100 1

(ie. 1 =

1 2 51020 501

02051 2 5 0.20.51 2 53.010.1 1

0102 05 1

K. R. Anantharamaiah, P.

Gothoskar & T. J. Cornwell

¥ T T T T
uUbiH;!u T A A 1. X031437 &7, obﬂkmwsm 3
E o0 o09°° o o x®®
b o 1 -~ [ et &P ‘I
r 1. - ;
3 et
I 17 !
A S R R T e i Ml .
F"Tc021430 67. 066 ! o 8 [ Tco61 -73.
i o r e
Y - goos2 3= ?
3 - & e 7 ° . o8 ogn 4
E o 2 -F e ° 3
E. 1 ' P .3 "L i i ETY| .
7T 031430 1187777 B T _' T 041443 67, 1.37 ' 7 Y
[ " . .'M ‘
:r -5"’0‘jlb E =N 3 on&o’bﬂwﬂ 1
1 N 0o 35 7 E
3 L e o ] :
00 o — r !
E L)
M N " .l L I ol L N | " 3
LT 437 -1, L ["Tc021437 67. 153 M
' c051 ST T 4b ._,, 1 ef c0214 7. 153 ! P
3 o 0si0 @™ 3 oA? 1
& 0o ® ]
!- a0 ° e 1 n‘*nw 1
o~ = = 1
] | K #° !
] 10f - ¢
I|] I i o ° Al L ' |
"“_m‘r' &, 2.10 P fr 11031443 67. 2.29' '
53:& 1@ : 3‘;*
A L o
E o °M 3 Moh
E w Lo ] ~p <®
3 o 8" 3 &
ko o® @ 1 = o e oq’e .
-] ° - m -
A TS AT R = S [osiast e o '
: e o i - v
[ o.p"""& ] E‘ ;J‘”’L 1
03%° F B st
- L] °, °g° _i - ko 3 00 . :e .
° 3 o E’ o 3
" al M 5 i Al i
1021443 5;. 3.29 ! e N 4 - 3 IFDGHJ& E; 406 T 1
)
& 3 E o
a* 1 -1 . o™
N o ] oF o g ° 1
. 0, 1 =F- ’
° )
= nnoeoﬂ 5 = & 1
AN -1 PR
1 2 5 10 20 1 2 5 10 20

Baseline (s) (km)

2 cm) on 5th Nov. at an elongation of 0.43°. The position angle chosen is 1°. The
nomenclature for the wavelengths are x = 3.5 cm, ¢ = 6 cm and / = 20 cm. For each elongation,
we have selected a wavelength and position angle which gives a well determined structure
function over a reasonable range of baselines.
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clear trend in the behaviour of f with A; in three cases the exponent decreased with
frequency as in Fig. 5, in two cases it increased, in four cases the exponent remained
constant within the errors and in two cases the exponent first increased and then
decreased. Given this behaviour and the fact that the observations of a given source
at different frequencies were separated by 30-35 minutes, we attribute the observed
variation in £ to temporal fluctuations on a time scale of a few tens of minutes. Such
temporal variation in f may be expected since it has been shown (Manoharan et al.
1994) that the spectral exponent varies with the velocity of the solar wind which
fluctuates on a variety of time scales.

In Fig. 6, we present the structure function obtained at the 14 elongations where
observations were made. For this plot, we have chosen, for each case, an observed
frequency and a position angle for which the structure function is well determined
over a reasonable range of baselines. For comparison, all the structure function values
have been scaled to A = 20 cm. In all the cases shown in Fig. 6, there is no clear
indication of an inner scale at which we expect the slope of log D(s) vs. log (s) to
change from f — 2 to 2. In some of the cases, the structure function shows a scatter
near the shortest baselines due to the source being unresolved. We estimate upper
limits to the inner scale as the shortest baseline down to which log D(s) shows a
linear dependence on log (s) in the plots shown in Fig. 6. These limits are given in
column 11 of Table 3.

In the above method of analysing the structure functions, only a part of the data
is utilized in determining the value of S, since only baselines lying along a selected
position angle are used. In order to use all the visibility measurements, we follow
the method discussed in Narayan et al. (1989) which was based on a theoretical
treatment of anisotropic scattering by Narayan & Hubbard (1987). In this method
the ensemble average visibilities of the scatter broadened image are predicted on the
basis of a five parameter model and compared with the measured visibilities. The
five parameters are then optimized using a least-squares fitting algorithm. The model
visibilities are given by

( Vimodel (,v) ) = F X exp[ — (au; + bvi)) '] “4)
where F is the flux density of the source, u, = u cos 6 + v sin 6,v, = — u sin § + v cos 6,
is the orientation of the image with respect to the u-axis, y = (f — 2)/2 where S is the
power-law index of electron density fluctuation spectrum and x, = (1/«)"? and

yo = (IUb)"* are the scale lengths along the major and minor axis of the scatter
broadened image. These scale lengths represent the baseline at which the visibility falls
to 1/e of its zero-spacing value, p = y,/x, is the magnitude of anisotropy.

The complex visibility data on each of the 351 baselines, taken with an integration
time of 10 seconds, were averaged over the duration of the observations (~ 10 minutes)
and over two frequency channels and both polarizations. Self-calibration applied to
the visibility data as described in the previous section ensured that the source is at
the field centre and since the signal to noise ratio on each visibility measurement is
sufficiently large (typically > 10), we fitted the magnitude of the 351 observed
visibilities to the model given by equation 4. The five parameters (F, 6, x,, y,, and y)
were optimized by minimising Xi using a conjugate gradient search algorithm, x? has
the usual definition
X?_ — E;ii.( and:l - Vobs)2 (5)
K (N—n-1)
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where the summation is over N visibility measurements and » is the number of free
parameters. oyps is the rms noise on individual visibility measurements. If the model
chosen is correct and there are no systematic errors, then, x% will approach unity
when the model parameters are optimum. In order to compare the model and the
observed visibilities, we define, following equation (3), a structure function at the
modified scale s,,

D(s,) = —2In n) ©)
o)
where s,, is a modified U V distance given by
Sn=(au; +bv;)"? (7)

and V(s,,) is the observed visibility on the baseline (1, v). The effect of equation (7) is
to express the baseline lengths in terms of the fitted scale lengths x, and y, and the
position angle 6. The structure function predicted by the model is also obtained by
equation (6) by replacing the observed visibility by the model visibility Vioger (Si)
given by equation (4). Fig. 7 shows a comparison between the observed and model
structure functions (equation 6) for one of the observations. In this plot all the structure
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Figure 7. Comparison of observed and model visibilities for the source 1437-143 observed
at an elongation of 1.5°. Open circles are observations at A = 2 cm, solid squares are at 3.5 cm
and open triangles are at 6 cm. The observed structure function (equation 6), scaled to 4 = 20 cm
in each case is plotted against baselines which are scaled and rotated to match the fitted scale
lengths along the major and minor axis of the anisotropic image and also its orientation. The
scaled baseline lengths are (au? + b?)"? as used in equation (4). The fitted model given by
equations (4) and (6) is plotted as a solid line.



Angular Broadening in the Solar Wind 405

functions have been scaled to A = 20 cm. With the exception pf a few cases, there was
good agreement (as in Fig. 7) between the model and the observed values. However,
we found that the minimum value of y; differed from unity by a factor of 2-10 or
even larger in most of the cases. We attribute this to an underestimation of s,
which was obtained from the observed fluctuations in the visibility samples with 10
second integration by assuming that these fluctuations are independent in the four IF
channels (two frequencies and two polarizations) and that the rms noise goes down
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Figure 8. Time variation of the measured visibility in the two IF bands on one of the baselines
(Antenna pair 21-27). The pair of dashed lines indicate the expected rms noise level for an
integration time of 10 s and a bandwidth of 50 MHz which is used for the observations. The
two IF bands are separated by 50 MHz.
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by a factor (1/Nyg)"? when Ny visibility samples are averaged. Two factors have
contributed to an underestimation of oy (i) presence of refractive scintillation with
ts > 10s, which introduces partial correlation between many 10 second samples
and (ii) the decorrelation bandwidth (c/d0;, where 6, is the scattering angle and d is
the length of the baseline) is much larger than the separation between the two
frequency channels which results in two of the four IFs being not independent for
some of the baselines. That this is indeed true can be seen in Fig. 8, where we show,
the variation of visibility on one of the baselines as a function of time for two IFs.
A high degree of correlation is seen between the two IFs and there are systematic
fluctuations in the visibility over a time scale of several tens of seconds. Presence of
refractive scintillation in the solar wind with a time scale of few minutes had been
established by Narayan et al. (1989). A value of Xf , higher than unity when the model
parameters are optimised as described above is consistent with these observations.

The best fit values of F,x,,y,, 6 and S (= 2y + 2) along with their corresponding
errors are given in columns 7-10 and 14 of Table 2. Statistical error for each parameter
was obtained by using the variation of y; with the parameter around its best fit value
while keeping the other parameters fixed at their optimum values. The fitted values
of S are consistent with the values derived from the structure function analysis above
(i.e. slope of log D(s)versus log (s) plots given in column 15 of Table 2).

5. Discussion

The observations presented here sample the scattering properties of the solar wind
in the region 2-16 R and a range of heliographic latitudes. The parameters obtained
are the magnitude of the scattering angle, the level of the structure function, the
anisotropy of the scattering blobs, the orientation of the magnetic field lines, the
spectral index S of the electron density fluctuation spectrum and upper limits on the
inner scale of the density fluctuations. These quantities are summarized in Table 3.

5.1 Level of turbulence

Following Armstrong et al. (1990), we characterize the level of turbulence by the
magnitude of the structure function at a fixed scale of 10 km normalized to 4 = 20 cm.
This quantity computed along the major and minor axis (denoted by Dy,jr and
Diinor) of the scattered image are given in columns 12 and 13 of Table 2 and the
average values for each elongation are given in columns 7 and 8 of Table 3. Fig. 9
shows a plot of Dpjor and Dyiner as a function of elongation on a log-log scale. The
turbulence level shows a power law behaviour; the fitted slopes are — 2.7 = 0.2 for
Dpgjor and — 3.0 £ 0.2 for Dpinor. For a spherically symmetric solar wind having
density variance proportional to the square of the mean density, the expected slope
is — 3.0. From Fig. 8, the turbulence levels at 5 R o A€ Digjor = 20 + 7 and Dygino= 6 * 3.
For comparison, the corresponding values reported by Armstrong et al. (1990) (taken
from their Fig. 4a) and ~ 7 and ~ 2 from observations in 1983 which is closer to a
solar minimum. Our values are about a factor of 3 larger. This may represent the
difference in the level of turbulence between solar minimum and maximum, since our
observations are closer to a solar maximum. The value of the structure function at



407

Angular Broadening in the Solar Wind

‘01 are pajonb srony (g)

PR Bursn Aouenbaiy 1oyS1y woiy poyejoder)xg, (1) :sejoN
8> VFIT LOOFTZTE T00FE00 TOFCO0 OTIF6E 10°0F 200 ¥lC L°LO— ¥&°91 90V
V> T1TFL& GOO0FITE TOFE0 TOF80 ¥O0F6C 10°0F 800 €IT T°0 IT'el 6C°¢
9= EF¥ L0°0F9T°¢ TOFE0 E€0F60 LOFGE I0°0F ¢1°0 L9¢ ¢€¥I- 8CTI L0°¢

¢e> ¢e+ec 080F06C <COFCT V¥OF¥E €0F8E T10°0F 8T°0 68¢ ¥'L0— ¥8'6 9¥°C
¢> GFT v00¥F68C CO0FVCE TTF8Y €0F0¢ 10°0F 12°0 STT  8'10- 9T°6 6¢°¢C
V> CTF8LT 900FPIE €0F80 90FO0¢ 80F99 [0°0F 1€°0 0S¢ €18~ 0¥'8 012
P> ¢FS1 6G00F90E€ LOFO0E G0FcTlL SGO0FTE 10°0F 0€°0 90T 69 (AR €G°1
¢> TFT& LOOFSTE ILF0¢ 9F ¥y CO0F90I TOOFEYT 16 00T ¥8¢ 91
¢G> TF9¢ STOF vre ILFV c¢FE GOFLY 10°0F ¥9°0 611 G'G0— ¥T¢ 1€1
¢> E€F99T C00F L6C CSO0FGS I F¥12 80FS8E 10°0F 09°0 €61 T1°08— 9L'¥ 61°T
¢T> TFGLT 800F66C v+ L ST ¥ce1 S0F¢9T <TO0F €LC T8T 6'89— 99°¢ 68°0
P> PvFER  LOOF 00°E £F9 ¢F¥61 TOFSY 10°0F ¥¥°0 2¥T  €'8%- %97 99°0
1> CF¥l POOFOTE 6 48 GE F¥8EE 90F<C¥ ¥OOF G9E 90T GL 91°¢ ¥s0
ST> PFO 900F8LC 9¥E F 09S = 6'0F 8¢ J0I'0F 096 8CI E€GI- CL'T €r0
(rn)  (o1) (6) (8) (2) (9) (9) v () @ 0
(uy) (o) () () (o) (o)
Ws  <Vd>  <g> e od J wf P9 T Oy/y >

‘9Jue)sIp Ie[Os JO UOT)IUN] & S sIajowele "¢ 2[qel



408 K. R. Anantharamaiah, P. Gothoskar & T. J. Cornwell
1000
100
10

1
0.1

Dmajor(1 Okm)

1000
100
10

0.1
0.01

Dminor(‘| Okm)

Elongation (Rg)

Figure 9. The variation of structure function along the major and minor axis at a scale of
10 km, normalized to 2 = 20 cm, as a function of solar distance. The fitted lines have slopes of
—2.7 £ 0.2 and — 3.0 = 0.2 for the top and bottom frames.

5R, (normalized to 4 = 20 cm) obtained by Coles & Harmon (1989) (taken from
their figure 1), from spectral broadening measurements in 1984, is ~ 13. Since the
structure function determination from spectral broadening data requires a knowledge
of the solar wind velocity, a direct comparison With Dypyjor O Dpninor Obtained from
visibility measurements is difficult.

5.2 Angular broadening

The magnitude of angular broadening (which, of course is related to the turbulence
level discussed above) and its variation with solar distance is of direct interest to
observers, for example, to determine the interferometric baselines required to study
the scattering phenomena in the solar wind. The observed angular size along the
major axis at A = 6 cm is given in column 5 of Table 3 and plotted as function of solar
distance on a log-log scale in Fig. 10a. The angular size of the major axis shows a
power law dependence on solar distance R with a slope of — 1.6 £ 0.1 Oy, oc R ~ L6,
This type of dependence is also seen in the angular extent of the minor axis and is
consistent with earlier findings (Lotova et al. 1989, see also compilation by Hollweg
1970 of earlier results). Angular broadening does not seem to depend on heliographic
latitude. This is not surprising since these observations are made closer to the solar
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Figure 10. Observed variation of different parameters with solar distance: (a) angular size of
the major axis, (b) axis ratio, (c) deviation of position angle of the minor axis from the radial
direction and (d) spectral index of the electron density fluctuation spectrum.
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maximum when the density fluctuations are expected to be spherically symmetric
(Manoharan 1993).

Presence of a transonic region in the solar wind .between 10-20 R with enhanced
scattering properties has been reported by Lotova et al. (1985, 1989). It is claimed
that in this region, the scattering angles exceed the expected values based on 6 oc R ~ .
In Fig. 10a, there are only 3 data points in the transonic region and they do not
show any excess scattering. Further observations are required to confirm the existence
of such a region. We note that VLA is well suited to investigate this region using
observations at 4 = 20 and 90 cm.

5.3 Anisotropy

In the elongation range observed here (2-16R)), all the scatter-broadened images
show anisotropy with the axial ratio ranging from 2 to 16 (Tables 2 and 3). The
magnitude of anisotropy does not show any strong dependence on solar distance
(Fig. 10b), although larger axial ratios tend to occur only at smaller elongations.
Armstrong et al. (1990) report marked increase in the axial ratio inside of 6R_.
However, the difference here is that smaller axial ratios are observed at all elongations
and larger axial ratios are observed only at smaller elongations. As seen in Fig. 1la,
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there could be a dependence of the axial ratio with heliographic latitute; images in
the equatorial region seem to show less anisotropy.

Anisotropy in the scattered image implies anisotropy of the scattering blobs which
is perhaps caused due to the blobs being ‘stretched’ along magnetic field lines. The
amount of this ‘stretching” may depend on the scale size and the density contrast. It
is therefore useful to see whether anisotropy depends on the scale size sampled by
these observations (i.e. 1-35 km). In Fig. 12, we show the observed structure functions
along the major and minor axis for two of the observations. This figure could be
compared with the schematic diagram of Armstrong et al. (1990) (their figure 6) which
illustrates the expected behaviour when the medium is anisotropic on all scales and
when the medium is isotropic near the inner scale. The structure functions in Fig.
12 do not show any inner scale down to 1-2 km and therefore these observations
cannot determine whether the inner scale is isotropic or anisotropic. Note that the
scatter seen near the shortest baselines in Fig. 12, especially along the minor axis, is
due to the source being unresolved and cannot be interpreted as any break in the slope
which is expected near the inner scale. Since the structure functions along the major
and minor axis, shown in Fig. 12, are essentially parallel to each other in the baseline
range 2—-35 km, we conclude that the anisotropy is constant over this range of scales.

5.4 Orientation of the magnetic field lines

The position angle of the minor axis of the scatter-broadening image indicates the
direction along which the scattering blobs are stretched and therefore the local
orientation of the magnetic field lines. In Fig. 13, we show the observed position
angle of the minor axis at various solar distances. Consistency between the position
angles derived from image and visibility analysis indicates that the values are reliable.
It is clear that the field lines deviate significantly from the radial direction in many
of the positions observed. In contrast, Armstrong et al. (1990) have observed that the
position angles outside of about 2.5 R_ is essentially radial. The difference could be
due to our observations being closer to a solar maximum. The observed deviation
does not have any strong dependence on radial distance (Fig. 10c) or heliographic
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latitude (Fig. lib). When the kinetic energy density exceeds the magnetic energy
density, one expects the field lines to be radial. The present data implies that, during
solar maximum, the magnetic energy density could be comparable to the kinetic energy
density even beyond 10R .

5.5 Spectrum of density fluctuations and the inner scale

On the assumption that the electron density fluctuations in the solar wind has a
power law spectrum of the form Py, (q) o g7 for gou< g < ¢, where ¢ is the
wavenumber, the derived value of the spectral index f is in the range 2.8 to 3.4 with a
mean of 3.1 (Tables 2 and 3) which is significantly small compared to the Kolomogorov
value of 3.67. No dependence of f is seen either with radial distance from the Sun
(Fig. 10d) or heliographic latitude. This value of the exponent applies to scale sizes
in the range 2-35 km corresponding to the interferometer baselines used and is
consistent with the values obtained by Coles & Harmon (1989) and Manoharan et
al. (1994) for similar scale sizes using other methods. We have carefully examined the
structure function plots (see Fig. 4) for all the sources for baselines along the three
arms of the VLA and also along the major and minor axis of the scatter broadened
image. We find no instance of any significant change in the value of the exponent
with position angles. In most cases the structure function is well sampled in the range
3-30 km and could generally be fitted with a single slope with a value between 0.8
and 1.4.

Upper limits to the inner scale obtained by examining the structure function plots
at various solar distances (Fig. 6) are given in column 11 of Table 3. The upper limits
range from 1.5 km at 1.7 R_ to about 4km at 13 R_. The upper limits to the inner
scale at solar distances 8-16 R are more than a factor of two smaller than the inner
scale values estimated by Coles & Harmon (1989) using spectral broadening data
taken in 1984. If this difference is real, then we could speculate that the inner scales
are smaller during a solar maximum.

It is clear that structure function plots such ass presented in Figs. 6 and 12, which
can be obtained from interferometric observations are very useful in determining the
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spectrum of density fluctuations as well as the inner scale. The multiple operating
wavelengths of the VLA has been especially useful in selecting the data at the right
wavelength to get a well determined structure function at a given solar distance. It
would be useful to know, before hand, the right wavelength to choose for the
observations if one is interested in making useful structure function measurement at
a given scale (i.e. baseline) and a given solar distance. As discussed earlier, useful
measurements can be made only if the scatter-broadened source is just or partially
resolved by the baselines of interest. Since the angular size of the broadened source
(0s) scales as A% and the resolution on a given baseline (0,) scales as A/s, the right

0
wavelength of observation at which —~ 1 is given by Ay = }\(2)/390 Here 6, is the
b
observed angular size at a wavelength 1y Using the measured angular size given in
column 5 of Table 3 and the power-law fit to &, versus solar distance R in Fig.
1.6

10a, we get an empirical relation A, =~ 4.5 ——, where R is expressed in units of R .
]

obs

This gives the preferred observing wavelength (within a factor of 1.5), for an
interferometric array with baselines ~ s, to make useful structure function
measurements at a solar distance R over scale sizes of the order of s.
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