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[11 Type III radio bursts are intense solar radio emissions generated by beams of energetic
electrons injected into the interplanetary medium. They can be routinely observed by the
S/Waves instruments on-board the STEREO (Solar Terrestrial Relation Observatory)
spacecraft. We describe goniopolarimetric (GP) inversion of a signal measured on
non-orthogonal antennas using the Singular Value Decomposition (SVD) technique.

This wave propagation analysis can be applied to spectral matrices built from
measurements by the High Frequency Receiver (HFR; a part of the S/Waves experiment).
We have found an empirical relation between the decomposed spectral matrices and
apparent source sizes for waves with a low degree of polarization. Simulations of
electromagnetic emissions with various senses and degrees of polarization, and source
shapes show that SVD gives us reasonable results with respect to the polarization ellipsoid
geometry. An error analysis considering inaccuracies of HFR has been performed in
order to test the validity of the k-vector direction estimation and the obtained empirical
relation. We present a joint observation of a type III radio burst by the STEREO and
Wind spacecraft during small separation distances. We obtain consistent results for the
k-vector direction and apparent source size using different analysis methods for the
measurements of the STEREO and Wind spacecraft. We demonstrate that SVD can be an
effective tool for the wave analysis of radio emissions measured on non-orthogonal

antennas even with very extended sources.
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Goniopolarimetric inversion using SVD: An application to type III radio bursts observed by STEREO, J. Geophys. Res., 117,

A06101, doi:10.1029/2011JA017333.

1. Introduction

[2] Type II radio bursts are among the most intense
electromagnetic emissions in the heliosphere [Wild, 1950] .
They are generated by beams of suprathermal electrons
(~0.1c) accelerated near the Sun’s surface and streaming
outward along the open magnetic field lines and connected
with solar flares and/or coronal mass ejections (CMEs)
driven shocks. The electron beams, when they pass through
the medium along the Parker spiral magnetic field lines,
produce locally a bump-on-tail instability in the local
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electron distribution function. This change of plasma para-
meters can lead to generation of electrostatic Langmuir
waves at the local plasma frequency f,, which can be after-
wards converted by a nonlinear conversion into electro-
magnetic waves: type III radio bursts. This conversion
involves interaction with low frequency plasma waves and/
or scattering at ion density fluctuations resulting in radio
bursts at f, (fundamental emission) and/or 2f, (harmonic
emission) beamed tangent to the Parker spiral. Although a
basis of this conversion has been formulated by Ginzburg
and Zhelezniakov [1958], the whole process is still not
well understood and several theories remain under debate,
e.g., stochastic-growth theory (SGT) [Cairns and Robinson,
1995]. As electron beams propagate outward from the Sun,
these emissions are generated at lower frequencies
corresponding to a decreasing of f, which is related to the
local plasma density: f,(kHz) = 94/n(cm~3). Type III radio
bursts display maximal flux density approximately at
1 MHz [Weber, 1978]. In comparison with other electro-
magnetic emissions, their sources are apparently extended
[Steinberg et al., 1984, 1985; Bonnin et al., 2008], which
can be explained by either properties of an intrinsic beaming
pattern and/or scattering by density fluctuations of the inter-
planetary medium. Hence an estimation of their apparent
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source size could yield important information about density
fluctuations in the solar wind. Although coronal type Il radio
bursts (f ~ 200 MHz) can have up to 35% of the circular
polarization, the degree of polarization of type III radio bursts
at long wavelengths ( /'~ 1 MHz) is negligible [Dulk, 2000].
Multipoint observations of type III radio bursts using
goniopolarimetric (GP, also referred to as direction-finding)
products have already been obtained by spinning spacecraft
[Gurnett et al., 1978; Manning and Fainberg, 1980; Hoang
et al., 1981]. This paper presents general GP methods for
three axis stabilized spacecraft.

[3] For determining the wave vector (k) directions and
polarization parameters we need instruments allowing
multicomponent measurements of auto-correlations and
cross-correlations of the voltages induced by the wave
electric and/or magnetic field. These instruments provide us
with the GP data, which can be used for advanced analysis
of an incoming wave [Lecacheux, 1978; Ladreiter et al.,
1995; Cecconi et al., 2008]. With such data we are able to
compose an orthogonal spectral matrix S; containing the
information about the incident wave:

Sy = (EE). M

where E; is a vector of complex amplitudes, indices i and j
represent three Cartesian components, () means time aver-
aging on a time interval much longer than the observed
wave period and * corresponds to a complex conjugate. The
Singular Value Decomposition (SVD) is an efficient tool for
wave analysis [Santolik et al., 2003] that can be directly
utilized on a 6 x 3 matrix A containing separated real and
imaginary parts of a 3 x 3 complex spectral matrix S;;:

S11 Re(Slz) Re(Sw)
Re(S12) S»n Re(S2)
| Re(S13)  Re(Sx) S
4= 0 N —Im(?lg) —Im3(3S13) ’ (2)
Im(Slz) 0 —Im(S23)
Im(S13) Im(S23) 0

Applying SVD on this special real form of the complex
spectral matrix we obtain real matrices U, W and V:

A=U-W-V. (3)

The SVD inversion retrieves information about the axis
directions/lengths of the polarization ellipsoid (the wave
vector direction/ellipticity) and estimators of the planarity of
polarization. The U matrix is a 6 x 3 matrix with ortho-
normal columns used in the decomposition of A. Polariza-
tion properties and estimation of an angular source size are
defined by the matrix W, which is a diagonal matrix 3 x 3
of three positive or null singular values that represent the
axis lengths of the polarization ellipsoid. The 3 x 3 matrix
V7 with orthonormal rows contains directions of the axes of
the polarization ellipsoid. This method was originally
designed for 3 x 3 magnetic spectral matrices by assuming
that B - k = 0 [Santolik et al., 2003]. It can also be used for
electric spectral matrices if the condition E - k = 0 is ful-
filled, which is the case of radio waves when observed far
from their propagation mode cutoff.
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[4] The influence of extended sources on the measured
spectral matrix, which are typical for type III radio bursts at
long wavelengths, has been efficiently described by Cecconi
[2007] in equations (4)—(10):

ZoGhih;So T,
T2 B 7))

+(U=-ip) (A,-B,— %) + (U +iv) (AjB,- %)

I's +14
4

r
P; {(1 +0) (A,-Aj72+ GG (rl

+(1-0) (AiAj% <F1 -+

1 T3 +T I, 34T
+191-B,5<rl+ 34 1)+C1-Cj(72— 34 1))} (4)

Ay = —sin 6 cos 0 cos(¢ — @) + cos by sin 6, (5)
By = —sin 6 sin(¢ — ¢y), (6)
Cy = sin 0y sin 6 cos (¢ — ¢;) + cos 6 cos 0, 7)
a _ 1 i : 1 o 1 B COS(k'Y)
i) = 1-— cos'y,/o sin(kfly)d0i = k(1 —cos)’ ®)
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" 1—cosvy

/2 200
/ exp (fln(Z) tan fM) - sin(k6)y )db}y .
0 n=ry

(10)

()

[5] The P; matrix on the left hand side of equation (4)
represents a modeled spectral matrix that we will compare
with the matrix measured by the instrument. P;; is generally
a non-orthogonal matrix unlike S;; defined in equation (1).
The right hand side of equation (4) contains the impedance
of free space (Zp); parameters of the electrical antennas:
effective lengths (%), directions (6; and ¢;) and gain (G);
and incident wave properties: the k-vector directions (6 and ¢),
the Stokes parameters (the energy flux: Sp; the linear
polarization degrees: Q and U; and the circular polarization
degree: V) [Kraus, 1966] and the angular half aperture of
the source (v), as seen by a spacecraft and contained in the
Ty coefficients. The shape of the source (see Figure 1), that
reflects a radial cut of a source brightness distribution, is
considered to be either uniform (equation (8): model 1a),
spherical (equation (9): model 1b) or Gaussian (equation (10):
model Ic¢).

[6] In this paper we present results of a GP inversion using
the SVD technique considering extended sources of solar
radio emissions. In section 2 we describe an empirical rela-
tionship between a decomposed spectral matrix and the
apparent source size in more detail regarding features of type
III radio bursts at long wavelengths. An extensive applica-
tion of SVD to simulated data with various properties of a
source is shown in section 3. Section 4 contains an appli-
cation of SVD on a single type III radio burst observed by
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Figure 1. Radial cuts of three source brightness distributions: (a) uniform source, (b) spherical source,
and (c) Gaussian source (adapted from Cecconi [2007]).

the Solar Terrestrial Relation Observatory (STEREO) and
Wind spacecraft during small separation distances. We show
that results obtained from Wind using different techniques
(designed for spinning spacecraft) are consistent with the
results of the SVD analysis of STEREO data. Finally we
discuss an application of the SVD method for the radio
emissions with extended sources.

2. Determination of the Source Direction,
Coherence and Apparent Size

[7] As already mentioned above, SVD is an efficient
method for a wave analysis of multicomponent measure-
ments of the magnetic field with a point source [Santolik
et al., 2003]. SVD can also be applied to the electric field
of radio emissions by assuming E-k = 0. Contrary to the
three-axial search-coil magnetometers, effective antenna
directions and lengths are different from the physical ones
due to their electric coupling with the spacecraft body.
Therefore one has to perform a transformation from the
antenna frame into the orthonormal spacecraft system before
we apply SVD (see section 4 for details). SVD provides us
with a unity vector x = k/|Kk| contained in a column of the
VT matrix that corresponds to the minimum of the matrix W
of singular values. In other words, SVD yields the direction
where E has the minimum of its variance. For the GP analysis
of the solar radio emissions we define the angles 6 and ¢:

0= arctan(«//i% +/<;§//<c3> for k3 >0,
0= 7r—arctan<\/f§% + K%/f%) for k3 <0,

¢ = arctan(ry /K1),

(11)

where k1, ko, and k3 are the components of the vector k. As
an estimator of the wave polarization we use coherence in the
polarization plane calculated by SVD. A spectral matrix is
transformed into the polarization plane where we obtain
coherence by comparing auto- and cross-spectra products:
|R12|/v/R11R22, where Ry and R, are the autopower spectra
in the polarization plane, and R, their cross-power spectrum.
A zero coherence implies that Stokes parameters Q, U, and V'
are null. We expect a very low degree of polarization in the

case of type III radio bursts. Information about the apparent
source size is hidden in the W matrix containing the axis
lengths of the polarization ellipsoid. In an ideal case of an
unpolarized radio wave with a point source, the minimum
value of W (w,) should be zero. Because of the diffusion in
the solar wind, the observed radio signal is a superimposition
of radio waves spread over a wide apparent source size. The
ratio wi/ws (w3 is the maximum of W) is then nonzero and
can yield information about the apparent source size.
Figure 2 shows w/w; as a function of the apparent source
size 7. We have used equations (4)—(10) for modeling spec-
tral matrices that well reflect properties of type III radio
bursts at long wavelengths. We have assumed an unpolarized
emission (Q = 0, U= 0, V= 0). The shape of the source is
considered to be uniform. For a point source (7 = 0°) the
polarization ellipsoid changes to an ellipse contained in a
single plane and the ratio of its smallest and largest axis of the
ellipsoid (w;/wj3) is zero. On the other hand, the polarization

Source Size (Uniform Brightness Source Profile)
1.0T ' ' ' '

08 ]
. 06 .
g L i
s

04r 7

0.2 B 7]

00 L 1 1 1 1

0 20 40 60 80
Source Half Width Angle y (deg)

Figure 2. The ratio of the smallest and largest components
of the diagonal matrix W (w;/w3) as a function of the apparent
source size (7). A uniform brightness of the source and an
unpolarized emission have been assumed.
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Figure 3. The ratio of the smallest and largest components of the diagonal matrix W as a function of the
apparent source size (7y) with the assumption of no error of the measurements. Results for (left) uniform,
(middle) spherical and (right) Gaussian brightness source profiles are shown. Degree of polarization is
100% (the first row), 30% (the second row), 10% (the third row), 1% (the fourth row) and 0% (the last
row). The type of polarization has been considered to be linear (dotted lines), circular (dashed lines), or
elliptical (dash-dotted lines). In case of an unpolarized emission a solid line has been used.

ellipsoid of emissions propagating from an half plane
(7 = 90°) becomes a sphere: wi/ws = 1.

3. Tests With Simulated Data

[s] Extensive simulations have been performed in order to
validate the SVD method for estimating the apparent source
size. Equations (4)—(10) have been used for modeling spec-
tral matrices with various types and degrees of polarization
computed by decreasing the normalization coefficient of
the Stokes parameters (i.e., 100% polarized wave corre-

sponds to 1/ Q% + U? + V2 = 1, while 30% corresponds to

0? + U?+ V2% =0.3, etc.). The SVD analysis has been
applied on these simulated matrices. Figure 3 shows w;/w;
for three shapes of the source (in columns: uniform,
spherical and Gaussian) and five degrees of polarization (in
rows: 100%, 30%, 10%, 1% and 0%) as a function of the
apparent source size. We have investigated three possible
types of polarization: the linear polarization (dashed line:

100%: QO =+/2/2, U=+/2/2, V = 0), the right-handed

circular polarization (dotted line: 100%: Q = 0, U = 0,
V= 1) and the elliptical polarization (dashed dotted line:
100%: O = +/3/3, U = v/3/3, V = v/3/3). A solid line in
the last row refers to unpolarized emissions. When the
degree of polarization is significant (>10%), the estimated
apparent source size depends on the type of polarization.
This dependence disappears if the degree of polarization is
negligible. Deviations between particular source shapes are
minor.

[9] The obtained empirical formulas can also be effi-
ciently described as a 4th order polynomial regression with
the independent variable as the square root of wy/wj:

° Wi Wi Wi 3 Wi 2
V) =ao+ar | —+a|— | tas|/—) +a|—]),
w3 w3 w3 w3
(12)

where a;, are coefficients given in Table 1 for a case of an
unpolarized wave that corresponds to the last row of
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Table 1. Coefficients of a Polynomial Regression for a Case of an
Unpolarized Wave for Equation (12)

ay Uniform Spherical Gaussian
a 0.20 —0.01 —0.42
a 75.51 90.35 60.30
a 32.70 2.86 —80.3
az —67.62 —12.85 240.53
ay 48.79 9.61 —129.53

Figure 3. Equation (12) has been used to determine v in the
following section.

4. Analysis of a Single Type III Radio Burst
Observed Simultaneously by STEREO and Wind

[10] STEREO are two nearly identical spacecraft dedi-
cated to stereoscopic investigation of solar processes with
varying separation angles with respect to the Sun in the
ecliptic plane [Kaiser et al., 2008]. Whereas STEREO-A
moves ahead of the Earth in its orbit, STEREO-B trails
behind. Both spacecraft are three axis stabilized and
embarking the S/Waves instrument [Bougeret et al., 2008].
The High Frequency Receiver (HFR, a part of S/Waves)
provides us with GP data between 125 kHz and 1975 kHz in
38 separated bands with a 25 kHz effective bandwidth. This
frequency range is well adapted to interplanetary type III
radio bursts observations. HFR is a sweeping receiver with
two channels from which auto- and cross-correlations are
produced a posteriori. Its time resolution is about 30 s per
sweep between all frequencies and antenna configurations.
Three mutually orthogonal monopole antenna elements
(each 6 meters in length) form the sensor part of the S/Waves
instrument [Bale et al., 2008]. The effective antenna lengths
and directions are different from the physical ones and can
be modeled by computer simulations, estimated by rheo-
metric measurements [Macher et al., 2007; Rucker et al.,
2005; Oswald et al., 2009], or obtained by an in-flight cal-
ibration. We use the in-flight calibration using observations
of the Auroral Kilometric Radiation (AKR) by STEREO-B
(M. Panchenko, unpublished data, 2010). These directions
are slightly different from the the w/base caps (Graz) effec-
tive antenna directions (see bottom row of Bale et al. [2008,
Figure 14]). The used antenna directions can be found in the
auxiliary material of this article." As no AKR has been
observed by STEREO-A during the calibration period, the
effective antenna directions are assumed to be the same. The
galactic background radiation has been used to determine
the effective antenna lengths [Zaslavsky et al., 2011].

[11] In order to validate our GP technique, we have com-
pared the STEREO observations with those obtained by
Wind (located in the solar wind). Indeed this latter spacecraft
which is now operating for more than 15 years can be con-
sidered to be well calibrated. The Waves instrument on-
board Wind provides us with GP data in a frequency range
from 20 up to 1040 kHz with a 3 kHz effective bandwidth
[Bougeret et al., 1995]. For the GP analysis with Wind/
Waves specific methods have been developed for spinning

! Auxiliary material data sets are available at ftp:/ftp.agu.org/apend/ja/
2011ja017333. Other auxiliary material files are in the HTML.
doi:10.1029/2011JA017333.
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spacecraft [Manning and Fainberg, 1980; Hoang et al.,
1981]. These techniques provide highly accurate GP mea-
surements using the spacecraft spin demodulation. We have
considered the standard deviation of the Wind GP data to be
2¢ for the k-vector direction as well as for the apparent
source size v (S. Hoang, personal communication, 2010).

[12] Figures 4 and 5 show results from STEREO-A and
STEREO-B, respectively. A separation angle of STEREO-A
and STEREO-B with Earth was 4.83° and 2.30° in the
ecliptic plane. Both spacecraft observed an intense type III
radio burst from 22:53 to 23:09 UT on May 8, 2007. It was a
first intense type I1I radio burst recorded after both STEREO
started to operate in the GP mode. To define the spacecraft
positions we have used the Heliocentric Earth Ecliptic
(HEE) coordinate system, which is centered on the Sun,
X being the Sun-Earth line and Z pointing toward the
North pole of the ecliptic. STEREO-A was located at
[0.96, 0.08, 0.00]grg AU, wherecas STEREO-B was at
[1.05, —0.04, —0.01]ygg AU. Figures 4a and 5a display the
intensity of electric field fluctuations in Solar Flux Units
(1 sfu = 107 W%m%*Hz). An intensity threshold of
5 x 10’ sfu has been applied to the following figures in
order to suppress background and to have a good signal to
noise ratio for the GP analysis. Figures 4b and 5b show the
coherency in the plane of polarization calculated by the
SVD. For direction finding analysis we have used Radial-
Tangential-Normal (RTN) coordinates: the X axis points
from the spacecraft to Sun center, the Y axis is the cross
product of the solar rotational axis and X, and lies in the
solar equatorial plane (toward the West limb). The observed
type III radio burst propagates roughly in the ecliptic plane
(6 =90°), as can be seen in Figures 4c and 5c containing the
polar angle 6. The azimuthal angle ¢ is displayed in
Figures 4d and 5d. The estimated apparent source size 7 is
contained in the Figures 4e and Se. Figure 6 shows the same
event recorded at the 925 kHz (916 kHz for Wind) fre-
quency channel from both STEREO and Wind (located at
[0.99, 0.00, 0.00]gge AU, i.c., roughly between the two
STEREO). The plotted error bars for STEREO are obtained
from Figures 7 and 8 with a receiver gain of 0.5 dB error
(see Appendix A). The plotted error bars of the Wind GP
data correspond to the standard deviation of 2°. Second and
third rows contain the polar angle 6 and the azimuth angle
¢, respectively. Dashed lines represent the direction to the
Sun. The last row contains the apparent source v with the
assumption of a uniform source brightness distribution.
Dotted lines indicate values corresponding to the maximum
flux at the given spacecraft. As can be seen in Figure 6, we
have achieved a good agreement between STEREO and
Wind: the estimated apparent source size 7y is ~ 20° on all
three spacecraft. Table 2 contains results of the same
analysis applied on intense type III radio bursts observed in
May 2007, when separation angles between all spacecraft
were below 12°.

5. Discussion and Conclusion

[13] The two STEREO spacecraft provide a great oppor-
tunity for stereoscopic observations of solar radio emissions
at long wavelengths. The Wind spacecraft, located roughly
between them, is ideal for complementary measurements.
The S/Waves instruments on-board STEREO provide GP
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Figure 4. From 22:53 to 23:09 UT on 8 May

2007: (a) the electric field spectral density, (b) the

coherence, (c) the polar angle 6, (d) the azimuthal angle ¢, and (e) the apparent source size y for

STEREO-A.

data that allow to retrieve the k-vector direction and polari-
zation properties. An analysis of three type III radio bursts
recorded by both STEREO and Wind, and using different
methods than in this paper, has been done by Reiner et al.
[2009]. Preliminary results of an application of SVD to
measurements of emissions with very extended sources has
been recently published by Krupar et al. [2010]. Results of a
triangulation of radio sources can be also compared with the
coronagraph images [Howard et al., 2008; Martinez
Oliveros et al., 2012]. A combination of a suitable separa-
tion angle between two spacecraft (a triangulation works
best for 40°-60°) and the increased solar activity (when
more phenomena may be observed) will be reached in 2014.
GP capabilities of STEREO may improve our understanding
of generation mechanisms of type II and type III radio
bursts.

[14] The main result of the paper is the GP inversion
using SVD of a signal measured on non-orthogonal antennas
with a focus on investigating type III radio bursts at long

wavelengths, which have very extended sources and a low
degree of polarization. This is the first time that such a
technique is applied for a three axis stabilized spacecraft. In
section 2 we have obtained an empirical relation between the
decomposed spectral matrices, that contains lengths of the
polarization ellipsis, and the apparent source sizes for unpo-
larized emissions with a uniform source shape (Figure 2). For
a point source (v = 0°) the polarization ellipsoid degenerates
to an ellipse (wy/w; = 0), whereas for a very extended source
(v =90°) it becomes a sphere (w;/wz = 1).

[15] An extensive study of various types and degrees of
polarization has been performed in section 3. A uniform,
spherical and Gaussian source profiles have been considered
(Figure 3). We have shown that the empirical relations for
these particular shapes of source brightness are similar. If the
degree of polarization is below 10% then the differences
between the various types of polarization vanish. Otherwise
one has to identify the type of polarization in order to apply
the appropriate empirical relation.
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STEREO-B 2007-05-08 22:54:00.000 - 2007-05-08 23:08:43.592
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Figure 5. From 22:53 to 23:09 UT on 8 May 2007: (a) the electric field spectral density, (b) the
coherence, (c) the polar angle 6, (d) the azimuthal angle ¢, and (e) the apparent source size -y for

STEREO-B.

[16] As an example we present an observation of a type III
radio burst obtained simultaneously by the two STEREO
and Wind spacecraft during small separation distances.
Figures 4b and 5b which display the coherency show that the
observed type III radio burst has almost no polarized part, as
expected at these wavelengths. The type III radio burst
propagates roughly in the ecliptic plane (# = 90°, see
Figures 4c and 5c) and eastward from the Sun (¢ > 0°)
accordingly to the Parker spiral geometry (see Figures 4d
and 5d). For higher frequencies the radio source is located
roughly in the Sun direction, whereas the source moves
eastward as the frequency decreases (see Figures 4d and 5d).
Scattering effects due to density fluctuations of the solar
wind are more significant for lower frequencies. The
apparent source sizes vary between 20° and 40° on both
spacecraft (see Figures 4¢ and 5e¢) with a slight increase of
gamma for lower frequencies. The time and frequency center
core of the burst has smaller v than its surrounding.

[17] Figure 6 shows results for the same event from the
925 kHz (916 kHz for Wind) frequency channel. Errors
induced by the uncertainty on the HFR receiver gain have
been taken into account (see Appendix A). We can distin-
guish an intense peak at 22:58 (the first row of Figure 6).
The measured fluxes are about the same for both STEREO.
We obtain a better agreement in k-vector directions at both
frequency channels between Wind and STEREO-B, within
their respective error bars, than between STEREO-A and
Wind. The apparent source size is shown in the last row.
Although a Gaussian source shape would probably better
reflect real observations, the parameter v from Wind has
been obtained from previously processed data considering a
uniform source shape (S. Hoang, personal communication,
2010). During the maximum of intensity the source size
calculated by SVD on STEREO is about the same
(7925 ~ 20°) as on Wind which is using a different method
dedicated for spinning spacecraft. The best agreement
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Figure 6. From 22:53 to 23:09 UT on 8 May 2007: the electric field spectral density, the polar angle 6,
the azimuthal angle ¢ (in the RTN coordinate system) and the apparent source size v for STEREO-A
(925 kHz), Wind (916 kHz) and STEREO-B (925 kHz). Dashed lines represent the direction to the
Sun. Dotted lines indicate values corresponding to the maximum flux at the given spacecraft.

Table 2. Apparent Source Sizes  Calculated for Six Intense Type Il Radio Bursts From May 2007 During Peak Fluxes®

Timesrereo — A fstereo (KHZ) fwina (kHz) VsTEREO — A (deg) Ywina (deg) 7stereo — B (deg)
2007-05-08T23:07:47.459 225 224 35.67 41.30 49.06
2007-05-08T22:58:10.809 625 624 17.28 24.30 22.68
2007-05-08T22:57:20.523 925 916 18.28 22.50 20.20
2007-05-15T15:46:29.454 225 224 52.12 39.10 57.18
2007-05-15T15:39:30.276 625 624 21.16 25.30 11.75
2007-05-15T15:37:49.166 925 916 24.33 23.90 2441
2007-05-19T13:11:22.259 225 224 35.07 33.90 25.13
2007-05-19T12:57:26.010 625 624 24.69 24.90 14.10
2007-05-19T12:56:37.721 925 916 17.09 23.80 23.47
2007-05-22T14:37:42.407 225 224 42.58 49.00 43.09
2007-05-22T14:31:38.545 625 624 24.74 24.50 16.71
2007-05-22T14:30:47.751 925 916 19.57 23.70 14.51
2007-05-23T07:35:03.647 225 224 4491 34.90 37.43
2007-05-23T07:23:39.854 625 624 23.54 23.70 22.73
2007-05-23T07:22:51.070 925 916 21.03 19.90 11.78
2007-05-30T20:44:02.645 225 224 4594 45.40 50.13
2007-05-30T20:36:13.137 625 624 21.51 28.20 17.73
2007-05-30T20:34:30.031 925 916 19.96 24.00 11.67

The first column corresponds to peak fluxes observed by STEREO-A. A VOTable formatted version is available in the auxiliary material (see Data Set S1).
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Figure 7. An average angle difference between an input k-vector direction and the obtained one by SVD
as a function of the apparent source size -y is represented by a solid line, a dashed line is the average plus
its standard deviation. (top) An inaccuracy of effective antenna directions of 2°; (middle) an inaccuracy of
effective antenna lengths of 3%; (bottom) an uncertainty on the receiver gain of 0.5 dB.

between STEREO and Wind is achieved during a peak flux
since the polarization is nearly zero (an initial assumption of
the empirical relation in this paper) and the signal-to-noise
ratio is relatively high. It confirms the validity of our
empirical relation for estimating the apparent source size.
Other case studies of joint STEREO and Wind observations
with small separation distances give similar results (see
Table 2). We have obtained a better agreement for the first
three events. One should note here that the effective band-
width of both STEREO is 25 kHz whereas Wind has 3 kHz
only. It indicates that the SVD method we use and the
empirically derived relations can be used for type III radio
bursts GP observations. This method can either be used for
statistical studies where one needs a robust and fast data
processing or for the estimation of initial values that can be
used for a more complete GP method using a standard non-
linear * fitting.

[18] Our study leads us to the following conclusions:
1. We have demonstrated that the SVD allows to directly
retrieve the k-vector direction from electric field measure-
ments in the case of type III radio bursts. 2. We have found
the empirical relation between the decomposed spectral
matrices and the apparent source sizes for unpolarized radio
emissions with a special focus on type III radio bursts
observed by STEREO; 3. Other possible degrees and types

of polarization have been also studied with our method and
we have shown that below 10% of polarized part it is not
necessary to distinguish the type of polarization; 4. Finally
one should note that such GP method will also be imple-
mented on the Radio Plasma Waves instrument [Boudjada
et al., 2005] on-board the Solar Orbiter spacecraft which,
as STEREO, will be three-axis stabilized.

Appendix A: Error Analysis on the Estimation
of the Wave Vector Direction and Apparent Size

[19] We have investigated the influence of several possi-
ble errors that can affect the current GP inversion applied to
Type III bursts. We have performed an error analysis taking
into account inaccuracies of the effective antenna directions
(2°) and lengths (3%) and an uncertainty on the receiver gain
(0.5 dB). The amplitudes of these errors correspond to
values estimated from properties of the S/Waves HFR
receiver which has been used in section 4 for a demonstra-
tion of our analysis. We have simulated antenna directions
with normal distributions of absolute deviations centered on
the nominal direction with sigma of 2°, and uniform dis-
tributions of azimuth. We have also applied the Gaussian
noise with a standard deviation of 3% on antenna lengths. As
another source of an error an uncertainty on the receiver gain
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Figure 8. An average angle difference between an input y and the obtained one by SVD as a function of
the apparent source size -y is represented by a solid line, a dashed line is the average plus/minus its stan-
dard deviation. First row: an inaccuracy of effective antenna directions of 2°; Second row: an inaccuracy

of effective antenna lengths of 3%; Third row: an uncertainty on the receiver gain of 0.5 dB.

has been considered when we have applied the Gaussian
noise on the final auto/cross-correlation products (normal
distributions of the uncertainties in dB centered at 0 dB).
Figure 7 shows an angle difference between an input k-vector
direction and an output one obtained by SVD as a function
of the apparent source size with an assumption of the errors
mentioned above. As +y is larger the uncertainty of estima-
tion of the k-vector direction increases, as it has been
expected. Figure 8 contains an angle difference between an
input v and an output one obtained by SVD (the empirical
relation) as a function of the apparent source size. For small
sources (v < 5°) the empirical relation overestimates the
source size. On the other hand, the empirical relation
underestimates the source size for large sources (v > 60°).
Regarding Figures 7 and 8§ we conclude that the largest
influence that can affect our measurements is an uncertainty
on the receiver gain. Therefore it has been considered as a
main source of errors in the paper.
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