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Abstract The twin STEREO spacecraft provide a unique tool to study the temporal evolu-
tion of the solar-wind properties in the ecliptic since their longitudinal separation increases
with time. We derive the characteristic temporal variations at ~ 1 AU between two different
plasma parcels ejected from the same solar source by excluding the spatial variations from
our datasets. As part of the onboard IMPACT instrument suite, the SWEA electron exper-
iment provides the solar-wind electron core density at two different heliospheric vantage
points. We analyze these density datasets between March and August 2007 and find typi-
cal solar minimum conditions. After adjusting for the theoretical time lag between the two
spacecraft, we compare the two density datasets. We find that their correlation decreases
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as the time difference increases between two ejections. The correlation coefficient is about
0.80 for a time lag of a half day and 0.65 for two days. These correlation coefficients from
the electron core density are somewhat lower than the ones from the proton bulk velocity
obtained in an earlier study, though they are still high enough to consider the solar wind as
persistent after two days. These quantitative results reflect the variability of the solar-wind
properties in space and time, and they might serve as input for solar-wind models.

1. Introduction

The temporal evolution of the solar wind was recently studied by Opitz et al. (2009) an-
alyzing the solar-wind proton bulk velocity. The present paper extends this work by ana-
lyzing the density of solar-wind electrons. The observed solar-wind electron velocity dis-
tributions are composed of three different components: the thermal core, the suprathermal
halo, and the strahl aligned with the interplanetary magnetic field (Feldman et al., 1975;
Pilipp et al., 1987; McComas et al., 1992; Maksimovic et al., 2005; Marsch, 2006; etc.).
The bulk of the electrons (~95%) are at low energies in the core, which is a cold (~ 10° K)
and isotropic (due to Coulomb collisions) population. The halo population represents to-
gether with the antisunward drifting strahl the remaining portion of the total electron num-
ber density. Here we correlate core density measurements between two different spacecraft
after accounting for spatial effects in order to derive the temporal evolution of the solar-wind
electron core population.

The Solar Terrestrial Relations Observatory (STEREQO) mission (Kaiser et al., 2008)
is an excellent opportunity to examine the temporal evolution of the solar wind by two
spacecraft with nearly identical instrumentation. The STEREO A (Ahead) and B (Behind)
spacecraft are positioned at two different vantage points in the ecliptic and their longitudinal
separation increases by ~45° per year, thus enabling two-point correlation analysis from
two widely spaced probes. We analyze in situ electron data measured during solar minimum
between March and August 2007. In this time period the longitudinal spacecraft separation is
monotonically increasing from 1.2° to 28.2°, hence the time difference between two detected
ejections from the same solar source is also increasing from 0.09 up to 2.14 days.

2. SWEA Dataset

The In situ Measurements of Particles and CME Transients (IMPACT) investigation (Luh-
mann et al., 2008) on the STEREO mission provides multipoint solar-wind electron, inter-
planetary magnetic field, and solar energetic particle measurements. As part of this complex
instrument package the Solar Wind Electron Analyzer (SWEA) experiment (Sauvaud et al.,
2008) provides in situ electron measurements at both STEREO spacecraft in the energy
range of 1-2000 eV.

SWEA is mounted at the end of the IMPACT boom on the antisunward side of the
STEREO spacecraft in order to avoid direct sunlight entering into our particle detector.
SWEA consists of an electrostatic analyzer, an MCP detector, and deflector plates at the
aperture. As allowed by the deflector plates, the instrument provides measurements over
a substantial part of the unit sphere with viewing solid angle of 360° x 120°. From these
measurements we derive the electron core and halo parameters, we produce the pitch angle
distributions, and calculate the heat flux with 30-s time resolution (http://stereo.cesr.fr). At
energies lower than ~ 60 eV, the transmission of the SWEA analyzer is very weak due to
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a charging effect on the tophat itself. In order to compute the solar-wind core density, we
had to take into account the flux of secondary electrons created in the analyzer to infer the
flux of incoming solar-wind electrons. More details are given by Fedorov et al. (2010). Our
density results were cross-calibrated with measurements from several other experiments; we
used SWAVES (Bougeret et al., 2008) electron density results to define the absolute value.
Note that the SWEA core density data is sufficiently clean so that despiking was not needed
before the statistical analysis. At low densities the uncertainty in the density data increases,
which might be due to photoelectrons that we neglected during data processing.

The top row of Figure 1 (both Figures 1(a) and (b)) shows the SWEA solar-wind electron
core density measurements. The range of density variations is generally small, except when
recurrent huge enhancements are observed. These enhancements are related to compres-
sion regions that are formed where fast and slow solar-wind streams interact. The measured
density pattern is typical for in-ecliptic solar-wind conditions during solar minimum.

3. Analysis, Results and Discussion

In order to derive the temporal evolution of the solar-wind electron core density we perform
regression and correlation analysis of the SWEA measurements after adjusting for the theo-
retical time lag. The applied method is described in detail by Opitz et al. (2009), where they
calculate the time lag between the STEREO A and B spacecraft by separating the effect of
the radial and longitudinal spacecraft separation. The time lag from the longitudinal separa-
tion is calculated from the solar rotation rate. The time lag from the radial separation is cal-
culated with the solar-wind proton bulk velocity measured by Plasma and Suprathermal Ion
Composition experiment (PLASTIC; Galvin et al., 2008). Since the density of the electrons
tracks the density of the ions which move radially outward at the solar-wind bulk velocity,
we assume that the fluctuations in density of the solar-wind core electrons propagate radially
outward with the proton bulk velocity as needed to fulfill locally the quasineutrality. We also
assume that this velocity remains constant, which is valid on such distances like the small
radial separation of the two STEREO spacecraft. The latitudinal effects are neglected since
both STEREO spacecraft are nearly in the ecliptic plane. In case of occasional large latitudi-
nal gradients, omission of the latitudinal spacecraft separation might introduce a mismatch
even at small separations.

After shifting the B dataset by the obtained theoretical time lag (Figure 1, second row),
the agreement between the A and B datasets is clearly improved (compare the first and
second rows of Figure 1(b) in particular). We search for A and B data pairs, which allows
to perform correlation analysis between the two density datasets (Figure 1, third row). Note
these correlations are performed using a time window of one-third of a Carrington rotation.
The corresponding regression plots are shown in the bottom row of Figure 1.

These solar-wind electron core density results are similar to those obtained for the solar-
wind bulk velocity by Opitz et al. (2009). The major correlation drops for the proton velocity
are visible for the electron density as well. We note in particular the effects of the May 2007
(~DOY 142) coronal mass ejection (CME) and an exceptionally fast temporal evolution
of the solar wind in August 2007 (DOY 227 —232). The latter event was immediately fol-
lowed by a latitudinal effect on the dataset: there was a large latitudinal gradient of the bulk
velocity due to the proximity of a coronal hole, hence the latitudinal spacecraft separation
was not negligible anymore. We must admit that the density analysis resulted in surprisingly
low correlation coefficients in April 2007 (DOY 95-118), which we cannot explain at the
moment.

In order to study different scales in the solar wind we use different time windows in
Figure 2. A time window of one Carrington rotation (CR) delivers information about the
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Figure 1a Data plots for March —May 2007. Top row: calibrated half-minute STEREO A (red) and B (blue)
SWEA solar-wind electron core density data. Second row: The same data as in the top row, but the B dataset
is shifted by the radial and longitudinal time lag. Third row: Correlation between the A and time-shifted B
electron core density data over one-third of a Carrington rotation time period (CR/3). Fourth row: Regression
plot of the A and time-shifted B electron core density data. On the correlation plot of May, vertical red dashed
lines show the time period when the plasma parameters were affected by a CME.
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Figure 1b Data plots for June — August 2007. Top row: calibrated half-minute STEREO A (red) and B (blue)
SWEA solar-wind electron core density data. Second row: The same data as in the top row, but the B dataset
is shifted by the radial and longitudinal time lag. Third row: Correlation between the A and time-shifted B
electron core density data over one-third of a Carrington rotation time period (CR/3). Fourth row: Regression
plot of the A and time-shifted B electron core density data. On the correlation plot of August, vertical red
dashed lines show the time period when there was a fast temporal evolution (DOY 227 —232) and immediately
after that a latitudinal effect (DOY 232 -235).
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Figure 2 Correlation over different time windows between STEREO A and time-shifted B SWEA so-
lar-wind electron core density data for March—August 2007 with half-minute resolution. Top panel:
One-quarter Carrington rotation (CR/4). Second panel: One-third Carrington rotation (CR/3). Third panel:
One-half Carrington rotation (CR/2). Fourth panel: One Carrington rotation (CR). The correlation coeffi-
cient is always plotted in the center of the applied time period; for instance, the correlation coefficient on
DOY 100 in the top panel (CR/4) was calculated from measurements between DOY 100 — (CR/4)/2 and
DOY 100 + (CR/4)/2.
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temporal evolution of the whole Sun. One-half of a Carrington rotation (CR/2) reflects
solar wind emerged just from half of the Sun. One-third of a Carrington rotation (CR/3;
same as in Figure 1) was chosen because there were about three high density features (in
agreement with the three fast solar-wind features) per Carrington rotation in the investi-
gated dataset. One-fourth of a Carrington rotation (CR/4) is about one-week and allows the
study of smaller scale solar-wind features. For increasing length of this time window, which
corresponds to larger spatial scales, the correlation becomes smoother since the temporal
evolution of smaller scales is averaged. This was also found from ion data by Richardson,
Dashevskiy, and Paularena (1998). The correlation coefficient is decreased if small-scale
structures are detected by one spacecraft and not by the other one. Two other reasons for
the correlation coefficient decrease as the correlation time window is decreased was given
by Coplan et al. (2001): the lower correlation coefficients for higher time-resolution data
are due to the larger random component and fewer plasma parameter changes. Note that the
influence of the data variability on the correlation coefficient can explain the spikiness of the
top panel of Figure 2. Here the one-fourth Carrington rotation time period is shorter than the
occurrence rate of the density enhancements. As a result, the applied time window might
include an enhancement or not, hence the data variability can be very different in accord
with the correlation coefficient.

The temporal evolution of the density of solar-wind core electrons is well described in
Figure 3 by plotting the correlation coefficient as a function of the time lag from the longitu-
dinal separation. It describes the evolution of the solar wind between two ejections from the
same solar source, but at different times. As this time difference increases, the solar-wind
density differs more since it had more time to evolve. As long as the correlation coefficient
is about 0.80 for a time lag of a half day, it decreases to ~0.65 for two days time lag. Even
the latter coefficient allows us to consider the solar wind as persistent.

4. Conclusions

The temporal evolution of the solar wind was investigated by correlating the STEREO A and
B SWEA solar wind core electron density measurements. We found that the adjustment for
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the theoretical time lag results in improved agreement between the A and B datasets. The
correlations are good and only show a slightly decreasing tendency as the time increases
between two plasma parcel ejections from the same solar source. The correlation coefficient
is on average about 0.80 for a time lag of a half day and ~ 0.65 for two days. The large drops
in the correlation coefficient are due to deviations from the nominal conditions, they indicate
interesting events, such as CMEs or large latitudinal gradients. Our solar-wind electron core
density results agree qualitatively with the proton bulk velocity results by Opitz et al. (2009).
The analysis of the density delivers lower correlations than the bulk velocity, which was
also found by Richardson, Dashevskiy, and Paularena (1998). This might be either due to
more random components in the dataset, or due to more local influences on density than on
velocity, or due to less variability in the density than the velocity dataset. Most probably
the reason is a combination of all these effects. Note also that the decreasing tendency is
flatter for density. In order to say more, these two studies should be extended. When the
STEREO longitudinal spacecraft separation will increase up to 180°, we will derive the
temporal evolution of the solar-wind properties for any time lag.

This study reflects quantitatively the solar-wind variability in space and time. Our results
can be used as input in solar-wind models for the quiet Sun, as long as the deviations from
the good correlations are indicators of solar events or exceptional conditions. The finding
that the solar wind is persistent even after two days (equivalent to ~30° solar rotation) is
important to validate the extrapolation of solar-wind properties to other heliospheric longi-
tudes. Such predictions were performed from STEREO measurements by Opitz et al. (2010),
where they predicted the solar-wind proton bulk velocity at Venus, Earth and Mars.
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