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Aims. To investigate the magnetic field geometry and waves in the region near the Sun
where the heliospheric current sheet is formed.

Methods. Many Parker Solar Probe heliospheric current sheet crossings were searched for an
example below 15 solar radii having apparent open and closed magnetic field lines. One
good example was found and its fields and plasmas were analyzed.

Results. The radial component of the magnetic field (the Z-component) measured on the
Parker Solar Probe (PSP) changed sign between 12:00 and 13:00 UT on March 30, 2024, when
the spacecraft was at 13 solar radii. This sign change may have occurred because the
spacecraft crossed the heliospheric current sheet on long open magnetic field lines or it
may have occurred because the spacecraft crossed from one side of the equator to the other
on much shorter closed magnetic field lines. During this crossing, two distinct regions
having different magnetic field geometries, strahl flows, plasma densities, and electric
field spectra were observed and identified as regions with open and closed magnetic field
lines, respectively. The two regions intermingled on time scales less than 100 milliseconds
to create a complex magnetic field geometry. The waves observed in both regions were
electrostatic and composed of wide band signatures (in the open field lines regions) and
well-structured frequency harmonics (in both the open and closed field lines regions).
These harmonic frequencies correlated with the proton plasma frequency, fpp, with the
lowest frequency at ~0.1lfpp. This result plus the field aligned electric field
perturbations and plasma density fluctuations, require that the observed intense
electrostatic mode and associated harmonics were 1ion acoustic waves. The absence of
broadband electrostatic signals in closed field line regions is explained by the lower
(than in open field line regions) hot and core electron density and higher ratio of the
electron plasma frequency to the electron gyrofrequency, suppressing wave generation.

INTRODUCTION

Maxwell’s equations show that magnetic field
In the absence of currents
in the plasma, such field lines near the Sun

lines do not end.

are dipole-like and are called closed. Further
from the Sun, in the presence of mostly axial
currents (called the heliospheric current
sheet) the field lines become much longer to
form a tail-like structure of so-called open
field lines (although they close at distances
far from the Sun) that point mostly in the
radial direction [Wilcox and Ness, 1965]. Near
the Sun, the field 1lines may have both
topologies and lengths, so the plasmas in the
two regions may be different because of the
processes that do or do not occur, depending on
the length of the field line.

The radial component of the magnetic field
measured on the Parker Solar Probe (PSP) can
reverse sign either because the spacecraft was
on shorter closed magnetic field lines as it
moved from one side of the equatorial region to
the other or Dbecause it was on longer open
magnetic field lines and it moved across the
current sheet. A search has been undertaken
to find an example that displays both geometries
The FIELDS instrument on

PSP measured the electric and magnetic field

in a local region.

waveforms at frequencies below about one kHz
and collected short Dbursts of data at
frequencies to more than one MHz during an event
of interest [Bale et al, 2016].
data in this paper were produced by the SWEAP

The electron

instrument on the same spacecraft [Whittlesey
et al, 2020]. All data in this paper are
presented in the spacecraft reference frame
whose X and Y directions are perpendicular to
the Sun-satellite line.

DATA

A magnetic field reversal occurred on Parker
Solar Probe orbit 19 when the spacecraft was 13
solar radii from the center of the sun, as
illustrated by the
magnetic field <change during the one-hour

radial (Z-component)

interval given in Figure la. Figure 1lb shows
that the electric field spectra consisted of
several lines plus a broadband signal that
disappeared twice during the crossing (the
electron cyclotron frequency was about 10,000
Hz at this time).
the electric and magnetic field spectra

Figures le and 1f present

obtained to 1 MHz from 17-millisecond bursts
that occurred during each of these intervals.
The spectrum of Figure le was obtained in the
region containing the broadband waves while
that of Figure 1f was obtained in the absence
of such waves. 1In addition to the larger power
at frequencies below a few kHz in Figure le as
compared to Figure 1f, there are much more
complex higher frequency waves in the latter
In both
cases, no magnetic field signature was observed
below about 100 kHz. This may be due to either
the magnetic field strength being below the

case, 1in part due to the harmonics.

threshold of detection or the high frequency
waves being electrostatic. In these figures,
the Dblack vertical dashed 1lines denote the
electron cyclotron frequency and the red dashed
lines give the proton plasma frequency. It is
noted that some of the waves are above and some
below the electron cyclotron frequency, as has
been previously reported [Shi, et al, 2022].

As seen in the plasma density plot of Figure
lc, the dropouts in the broadband electric field
occurred when the plasma density became large,

as large as 25,000 cm™.

The coordinated sharp
boundaries in the electric field spectra and
the plasma density suggest the possibility that

the spacecraft passed from one region to another



at these boundary times. If such boundary
crossings meant the passage from open to closed
magnetic field lines, the magnetic field should
change from near-radial on the open field lines
to inclined with respect to the radial direction
Figure 1d, a plot
of the angle between the magnetic field and the
radial direction, shows that the magnetic field
acquired a closed-field-line-like geometry when
the density increased and the Dbroadband
electric field signal disappeared.

on the closed field lines.
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Figure 1. A one-hour interval during which the
radial component of the magnetic field in panel
la changed sign, the electric field spectrum in
panel 1b had two different characteristics, the
plasma density 1in panel 1lc changed rapidly
between two different values, and the magnetic
field of panel 1d wvaried in direction
synchronously with the changes of the plasma
density and electric field spectrum. Panel le
presents spectra during the time interval
having a broadband electric field and
relatively low plasma density while panel 1f
provides spectra obtained in the region of large
density and missing broadband electric field.
The spectra in the latter region are much more
complex although they contain less power at
frequencies below about 1 kHz. The absence of
magnetic field waves (the black curves in panels
(le) and (1f) indicate that all the observed
waves are electrostatic. The Dblack dashed
vertical line in both figures gives the electron
cyclotron frequency while the dashed red line
gives the proton plasma frequency.

The interpretation that the spacecraft passed
between closed and open magnetic field lines
may be further tested by considering the flow
direction of the strahl. Figure 2a gives the
pitch angle distribution of 314 eV electrons,
which are a major component of the strahl. It
shows that, at times of large plasma density
and missing broadband electric field spectra
(12:10-12:20 and 12:42-12:55), the near-zero
and near-180-degree pitch angle electron fluxes
were both large, indicating that the strahl was
propagating in both directions along closed

magnetic field 1lines. The increases of the
electron flux near 90-degree pitch angles in
Figure 2a further support the conclusion that
the spacecraft was on closed magnetic field
lines at these times. Figure 2b shows the

changes of the proton spectra at such times.

Figures 2c, 2d, and 2e give 30 second averaged
electron velocity distribution functions at the
times of the vertical dashed lines in Figure 2a

or 2b. In each figure, the four dashed curves
give the core, halo, and two strahl
distributions. They indicate, respectively,

strahl in the minus direction at 12:05 on open
field lines, strahl in both directions at 12:43
on closed field lines, and strahl in the plus
direction at 12:59 on open field lines having a
reversed magnetic field. Panels 2f, 2g, and
2h, provide the proton distributions at these
same times.
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Figure 2. Panel 2a gives the 314-eV electron

pitch angle distribution during the hour of
interest, which shows the bi-directional flow
of the strahl at 12:10-12:20 and 12:42-12:55,
indicating that the spacecraft was on closed
magnetic field lines during these times. The
enhanced fluxes near 90-degree pitch angles
during these times support this interpretation.
Panel 2b enerqgy
distribution while panels 2c, 2d, and 2e display

displays the proton
one-minute velocity distributions broken-down
to display the core, halo, and two strahl
distributions at the times of the vertical
dashed lines in panel 2a or 2b. They indicate,
respectively, strahl in the minus direction,
strahl in both directions and strahl in the plus
direction. Panels 2f, 2g, and 2h, provide the
proton distributions at these same times.

The interrelation between open and closed
magnetic field lines on small spatial scales is
studied in Figure 3, during which the spacecraft
traveled from a closed-like to an open-like
magnetic field geometry 1in eight seconds
because the magnetic field direction in Figure
3a changed from about 45 degrees to nearly zero
with respect to the radial direction. In Figure
3b the plasma density is shown to decrease in
correlation with the magnetic field change,
showing again that the large plasma density was
a property of the closed, not open, field lines.
Figure 3c plots one component of the electric
field collected in a burst that lasted about
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3.5 seconds and that is expanded in Figure 3d.
During this burst the electric field changed
amplitude and character abruptly on time scales
shorter than 100 milliseconds, which is a
spatial scale about 1000 times the core electron
gyroradius. The electric field spectrum to
three kHz is shown in Figure 3e while the
spectrum of the fluctuations of the plasma
density is shown in Figure 3f [Mozer et al,
2022]. Both spectra change on time scales less
than 100 milliseconds, showing that the waves
were electrostatic.
the open and closed magnetic field lines wind
around each other on very short spatial scales
that show turbulent rather than well-defined
static geometries.

This also suggests that
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Figure 3. An eight-second- interval during

which the magnetic field direction of panel 3a
showed the spacecraft passage from a closed
field-line-1like geometry to an open geometry.
The density of panel 3b decreased synchronously
with the changing magnetic field direction and
there was a 3.5 second burst of high-rate
electric field measurements shown in panel 3c.
Panel 3d shows one component of the electric
field during this burst while the electric field
spectrum from zero to 3000 Hz is displayed in
panel 3e and the plasma density fluctuations
from zero to 3000 Hz are illustrated in panel
3f. The wvariations of the spectra on time
scales shorter than 100 milliseconds suggest
that the spacecraft crossed the intermingled
open and closed magnetic field 1lines of a
complex magnetic field geometry near the radial
origin of the heliospheric current sheet. The
similarity of the electric field and density
spectra again shows that all the observed waves
were electrostatic.

Figure 4 provides the relationship between the
proton plasma frequency and the electric field
harmonics over a three-hour interval
surrounding the reversal of the radial magnetic
field. The harmonics were visible for the full
three-hour interval and their correlation with

the proton plasma frequency (the white curve)
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is seen by the three black curves at 0.lfpp,
0.2fpp, and 0.3fpp which line up nicely with
the three lowest harmonics of the electric
field.
ion acoustic waves. It 1s noted that the

This 1is the correlation expected for

electron gyrofrequency, fce, the red curve in
Figure 4, happens to be roughly anti-correlated
with the fpp, so the harmonics do not correlate
at all with fce.
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Figure 4. The electric field spectra during
the three-hour interval surrounding the
reversal of the radial magnetic field. The

white curve gives the proton plasma frequency,
fpp, while the three Dblack curves display
0.1fpp, 0.2fpp, and 0.3fpp, respectively. The
correlation between the harmonic frequencies
and the fractional proton plasma frequency 1is
emphasized because identifies the waves as ion
acoustic waves.

SUMMARY

The above observations of two distinct regions
containing widely different plasma densities,
electric field spectra, X-Y components of the
magnetic field and strahl electron flows
suggest that the spacecraft passed through both
open and closed magnetic field lines in close
proximity. The two regions intermingled on time
scales less than 100 milliseconds to create a
complex magnetic field geometry near the radial
origin of the heliospheric current sheet. The
waves observed in both regions were
electrostatic and composed of a wideband signal
(in the open field lines regions) and well-
structured harmonics of the main mode (in both
the open and closed field lines regions). The
harmonic frequencies correlated with the ion
plasma frequency with the main frequency of ~0.1
frp. These waves had field aligned
polarizations and they appeared also as
perturbations of the plasma density. These
suggest that the
electrostatic mode and associated harmonics are

properties observed
ion acoustic waves. The absence of broadband
electrostatic noise in the regions of closed
field lines is explained by the lower (than in
open field lines regions) ratio of hot and core
electron density and higher wpe/wce ratio
suppressing wave generation.
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