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Abstract

Observations from the Solar Orbiter spacecraft provide unique insights into the interaction between electron
beams and the plasma background in the source regions of type III radio emissions. We analyze this interaction by
examining the high-frequency electric and magnetic components of in situ wave measurements, focusing on their
polarization properties. Using electron data from onboard instruments, we model the electron velocity distribution
function and numerically solve the dispersion relation. We compare the predicted polarization of the electric and
magnetic components with the observations. Our ?ndings are consistent with propagation in the Langmuir/Z-
mode at an oblique wavevector. We explain the magnetic component and transverse polarization by the presence
of small density Euctuations, without the need for mode conversion.

Uni�ed Astronomy Thesaurus concepts: Solar radio emission (1522); Solar wind (1534); Space plasmas (1544);
Plasma physics (2089)

1. Introduction

Type III radio emissions originate from dynamic solar
phenomena that release electron beams into the solar wind.
These electron beams locally create a positive gradient in the
electron velocity distribution function (VDF), leading to the
growth of Langmuir waves through kinetic instability
(D. Verscharen et al. 2022). These Langmuir waves are key
to the subsequent generation of radio emission, although the
exact mechanisms of this mode conversion are still under
investigation (P. A. Robinson et al. 1994; D. M. Malaspina
et al. 2012; V. Krasnoselskikh et al. 2019; I. C. Jebaraj et al.
2023; F. J. Polanco-Rodríguez et al. 2025).

The mechanisms of beam propagation and its interaction with
the solar wind remain an area of active research, using both
numerical simulations (E. P. Kontar & H. A. S. Reid 2009;
C. Y. Lor?ng & H. A. S. Reid 2023) and analysis of
observational data (C. Y. Lor?ng et al. 2023). Previous ?ndings
show that instability-driven relaxation of electron beams leads
to the formation of a plateau in the VDF. Using STEREO data,
D. M. Malaspina & R. E. Ergun (2008) demonstrated that a
majority of the Langmuir waves observed in the solar wind
exhibit a 1D structure with electric ?eld oscillations aligned
with the magnetic ?eld. However, a minority population of
waves with transverse polarization has been observed in the
Earth’s foreshock region (S. D. Bale et al. 1998) and in the solar
wind (D. M. Malaspina & R. E. Ergun 2008; D. M. Malaspina
et al. 2011), showing a positive correlation between the electron
beam velocity and the wave perpendicular energy. To explain
the transverse wave polarization, the Z-mode (also referred to as
the slow extraordinary mode) branch was proposed, consistent

with the observational data. This was ?rst predicted by
theoretical work by D. Krauss-Varban (1989), who also
suggested a role of density gradients in the generation of
transversely polarized waves. Further research by A. Layden
et al. (2011) showed that in a warm magnetized plasma, the
characteristics of generalized Langmuir/Z-mode waves change
as the waves propagate into regions of differing density.
D. B. Graham & I. H. Cairns (2013) then applied the approach
of A. Layden et al. (2011) to waves observed by STEREO
during type III radio emissions, suggesting electrostatic decay of
Langmuir waves.
Waves with a transverse polarization are commonly

observed in the solar wind, and it follows that unlike the
Langmuir mode they must have a magnetic component. The
?rst observations of the magnetic component during type III
bursts were made by the OGO-5 spacecraft, which showed
density variations accompanying an enhancement of the
spectral density in the magnetic channel (F. L. Scarf et al.
1970). More recently, advanced observations by the Parker
Solar Probe provided the ?rst unambiguous observation of the
magnetic component of Z-mode waves (A. Larosa et al. 2022).
This study aims to advance the understanding of the waves

generated locally by the electron beam and their polarization.
Polarization analysis, as suggested by F. L. Scarf et al. (1970),
is a critical tool for identi?cation of the wave modes involved.
We analyze wave and particle observations from the Solar

Orbiter spacecraft to provide a deeper understanding of the
observed waves, which will support future studies on the
conversion into radio emission. Our focus lies on the in situ type
III emission observed on 2022 October 22 at a heliocentric
distance r = 0.5 au. We examine both the electron VDF and
wave observations, comparing direct ?eld measurements with
the wave polarization prediction obtained using a dispersion
relation solver based on the susceptibility tensor from the
Waves in Homogeneous Anisotropic Multicomponent Plasma
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(WHAMP) code (K. Roennmark 1982). This work presents the
?rst polarization analysis of the magnetic component of
Langmuir/Z-mode waves in the solar wind, identifying the
observed wave mode.

The remainder of this Letter is organized as follows: in
Section 2, we analyze the observed electron VDF, followed by
the numerical solution of the dispersion relation presented in
Section 3. Section 4 compares the wave observations with the
predictions from the theoretical dispersion relation, and
Section 5 concludes the discussion.

2. In Situ Observations

For the description of electron VDFs in the solar wind,
multiple populations of electrons are typically introduced: the
core, halo, strahl, and, in our case, another electron beam
population at the keV range of energies (Š. Štverák et al.
2009). To observe these populations, we used the Solar Wind
Analyser (SWA; C. J. Owen et al. 2020) and Energetic Particle
Detector (EPD; J. Rodríguez-Pacheco et al. 2020) instruments
on board the Solar Orbiter.

The SWA Electron Analyser System (EAS) covers energies
from 1 eV to 5 keV, capturing the core, halo, and strahl
populations with a 4π sr ?eld of view. To limit the inEuence of
photoelectrons on the data, we limit our analysis to electron
energies above 15 eV. For the energetic electron beam
observations, we rely on the SupraThermal Electrons and
Protons (STEP) subsystem of EPD, which detects electrons
traveling along the nominal Parker spiral direction at energies
between 7 and 80 keV. However, the 28° × 54° ?eld of view
of EPD-STEP limits the availability of electron beam
observations to periods when the ambient magnetic ?eld is
well aligned with the ?eld of view.

In this study, we focus on the event of 2022 September 22,
depicted in Figure 1. We speci?cally analyze the electron VDF
at 13:38 UT and 14:05 UT, as well as the wave observations in
between at 13:52 UT. To numerically solve the dispersion
relation, we ?rst establish a well-de?ned model of the electron
VDF. This model allows us to use a dispersion solver based on

the susceptibility tensor from the WHAMP code. Since
WHAMP requires Maxwellian distributions as input, we
represent the VDF as a superposition of multiple Maxwellian
distributions, each with its own density, parallel bulk speed,
temperature, and anisotropy. This approach enables us to
accurately capture the key features of the core, halo, strahl, and
beam populations while maintaining compatibility with
WHAMP. Speci?cally, the core and beam populations are
each described by a single Maxwellian distribution, while the
halo and strahl require multiple Maxwellians to be accurately
represented within our framework. While modeling the halo
and strahl populations using an anisotropic Kappa distribution
offers a viable alternative with fewer parameters (as demon-
strated by T. Formánek 2024), we choose not to use this
approach to maintain compatibility with WHAMP.
To ?t the observed electron VDF, we apply the methodol-

ogy developed by O. Santolík (1995) and recently examined
by G. Nicolaou et al. (2024), which maximizes the Poisson
probability of observing Ni counts for each data point i. The
total probability is then

( ) ( )=P p N , 1

i

i

where the probability p(Ni) is given by the Poisson distribution

( )
!

( )=p N
e n

N
, 2i

n
i
N

i

i i

where ni is the model prediction for each data point.
This ?tting method enables us to determine the parameters

of our model, while the number of Maxwellians is a modeling
choice. For the observation at 13:38 UT, we found that using
eight Maxwellians was the lowest number that enabled the ?t
to converge effectively. This choice ensures that the electron
beam is represented as a distinct population, while the halo and
strahl components consist of distributions with lower bulk
velocities compared to the beam velocity. We subsequently
used this number of Maxwellians for the other timestamp
(14:05 UT). The results of our ?ts are shown in Figure 2. We

Figure 1. Overview of the type III radio emission on 2022 September 22. (a) The radio emission and Langmuir waves, highlighting three speci?c timestamps. At
13:38 UT and 14:05 UT, we analyze the electron data, while 13:52 UT marks the strongest Langmuir wave observations. (b) Spectrum of the observed waveform at
13:52 UT, including a coherent high-frequency signal from the search coil magnetometer. (c) The averaged electron Eux from the STEP instrument. (d) A hodogram
of the strongest electric ?eld observations (100 samples), with arrows marking the projection of the ambient magnetic ?eld (black) and the predicted wavevector
directions (magenta; more details in Section 4).
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observe a distinct beam population at 13:38 UT and a relaxed
plateau population at 14:05 UT. Both ?tted distributions are
marginally stable, which we veri?ed by solving the dispersion
relation and by integrating along the perpendicular velocities.
This integration yields a single-peaked reduced VDF (not
shown here), without a positive gradient at the beam velocity,
meeting Gardner’s stability theorem (C. S. Gardner 1963).

We use the ?tting method described above, and Langmuir
wave peak tracking, to accurately determine the parameters of
the VDF model. Focusing on two timestamps, 13:38 UT and
14:05 UT, we observe similar key parameters and the
evolution of the beam population. At 13:38 UT, the peak
tracking provides a number density value of n = 25.0 cm−3

and the VDF ?tting reveals that 95.5% of the number density
corresponds to the thermal core population, with a temperature
of 11.7 eV and anisotropy A = T⊥/T∥ − 1 (C. F. Kennel &
H. E. Petschek 1966) of A= 0.70. Similarly, at 14:05 UT, we
observe a number density of n = 34.7 cm−3, with the thermal
core representing 95.5% of the number density, with a
temperature of 11.9 eV and an anisotropy of A= 0.62. These
parameters match well with the expected typical solar wind
parameters at r = 0.5 au (B. T. Tsurutani et al. 2023). At 13:38
UT, we also identify a distinct electron beam population,
representing a fraction 6.5 × 10−9 of the total number density.
This electron beam has a temperature of 884 eV, an anisotropy
of A=−0.86, and a drift velocity of 23.9 keV. By 14:05 UT,
the electron beam with a lower drift velocity has dissipated
into a plateau distribution.

The wave observations at the intermediate timestamp of
13:52 UT exhibit the strongest ?eld measurements of the
event. These waveform observations are crucial for our
polarization analysis since the observed wave shows a
transverse polarization and a coherent high-frequency magn-
etic component. However, the electron VDF observed at that
time did not yield a satisfactory ?t due to the limitations of our

model, which assumes Maxwellian distributions, and low
count statistics. The challenge lies in simultaneously capturing
both the beam and plateau populations. Furthermore, at higher
energy bins of the EAS, the Eux decreases signi?cantly,
eventually dropping below the detection threshold in the keV
range. At 13:52 UT a signi?cant part of the beam and plateau
populations lies in the EAS keV energy range, where the signal
is too weak. Consequently, this prevented us from developing
a reliable model for the intermediate timestamp. Another
consequence of the low count statistics is the need for time
averaging, which smooths any rapidly evolving features. To
obtain the presented results, we averaged the EPD-STEP data
for 60 s and the SWA-EAS data for 600 s. The different
durations (centered on the indicated time) have been chosen to
provide the same number of records for each bin, since the
instruments have a cadence of 1 s for STEP and 10 s for EAS.
In triggered mode, the SWA-EAS has a higher cadence by a
factor of 10, which would potentially lower the needed
averaging time when high cadence data are available for future
events.

3. Dispersion Relation Solution

To solve the dispersion relation, we use the WHAMP code
(K. Roennmark 1982), applying the methodology developed
by O. Santolík et al. (2010) and S. Grimald & O. Santolík
(2010). In this approach, the susceptibility tensor routine from
WHAMP is used along with custom code that handles root
?nding and normalization. Solving the dispersion relation
corresponds to a matrix equation

· ( )=D E 0, 3

where D is the dispersion tensor that depends on both the
wavevector k and the frequency ω. For a given k the solver
?nds the wave frequency ω that makes the matrix D singular,

Figure 2. In situ electron VDF observations and our model during the type III radio emission on 2022 September 22 are presented. The left column shows
observations at 13:38 UT, while the right column shows observations at 14:05 UT. The top two rows combine observations from SWA-EAS and EPD-STEP,
displaying phase space density and raw counts. The third row presents the ?tted model, and the bottom row shows a slice along the ambient B ?eld through the model
VDF with observed data points.
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and we obtain the dispersion relation ω(k) and the corresp-
onding complex eigenvectors E. This eigenvector contains the
wave polarization information of the electric ?eld components
of the wave. Using Maxwell’s equations, we can also derive
the magnetic ?eld eigenfunction as

( )= ×B
k

E. 4

This method provides us with a tool to predict the wave
polarization. We can project the computed eigenvectors onto
the direction of the antennas, enabling us to study the phase
and amplitude differences between any wave components.

Figure 3 presents computed solutions of the dispersion
relation. Panels (a) and (b) illustrate the growth rate γ of the
observed electron distributions for the 13:38 UT and 14:05 UT
timestamps, respectively. These con?gurations appear margin-
ally stable. To support the presented weak growth rates, we
ensured that they are not artifacts of the numerical method. In
particular, the WHAMP code uses the Padé approximant,
which could introduce systematic errors. To test this approach,
we modi?ed the electron beam and plateau populations in our
VDF model. The resulting trend of stronger growth rates for
more unstable VDFs supports the conclusion that the weak
growth rate does not invalidate our results. Furthermore, to
address random numerical inaccuracies, the solution was
calculated with high resolution in k-space and using double
precision in the dispersion solver. To investigate the observed
kinetic instability, we modify the VDF at 13:38 UT by
lowering the parallel temperature of the electron beam to 75%.
This adjustment serves as a simple attempt to reverse the
evolution of the VDF caused by wave–particle interactions.
However, we cannot directly observe such unstable

distributions because the interactions occur too rapidly to be
captured by the electron instruments on board. The result of
this modi?cation is shown in Figure 3(c), demonstrating wave
growth at oblique wavevectors (not strictly parallel to the
magnetic ?eld). Although this modi?cation does not affect the
overall electron density or velocity, it slightly increases the
growth rate of Langmuir/Z-mode waves above zero. This
increase is achieved in a small region of oblique wavevectors.
The original unstable VDF is unknown and cannot be
reconstructed from available measurements. However, the
simple modi?cation of the observed VDF and the corresp-
onding solution in Figure 3(c) demonstrate that wave growth is
possible at oblique wavevectors for which the measured VDF
implies a marginally stable region in wavevector space
(Figure 3(a)). For our observations at 13:38 UT, the lowest
damping in this region occurs at an angle θ = 43° between k
and B0.
The studied instability is driven by Landau resonance

between the electron beam and the k∥ component of the
wavevector. While this process typically favors waves with
parallel propagation, in our case, the maximum growth can be
found at oblique angles. This result is explained by the
presence of a plateau population in the VDF. In our model, this
population is represented by a Maxwellian with a bulk velocity
between that of the beam and the core, and with an anisotropy
of A=−0.66. We veri?ed the effect of the plateau by
calculating the dispersion relation after removing this popula-
tion, which shifted the maximum growth to parallel wavevec-
tors. One possible interpretation is that, after the plateau
population ?lls the phase space at mainly parallel velocities,
resonance shifts to oblique wavevectors, enabling continued
scattering into the plateau.

Figure 3. Solutions of the dispersion relation. The wave frequency ω and growth rate γ are normalized by the electron plasma frequency Πe. Panels (a) and (b) show
the growth rate obtained for the unmodi?ed distribution at 13:38 UT and 14:05 UT, respectively. (c) The growth rate after reducing the electron beam parallel
temperature to 75% at 13:38 UT. The angled line at θ = 43° between k and B0 corresponds to the maximum growth rate in panels (a) and (c). (d) A slice of the
dispersion relation for the generalized Langmuir/Z mode and the free space L-O mode, highlighting in gray two observed regions (ORs) where the observed
amplitude ratio E/cB matches with WHAMP.
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Figure 3(d) presents the dispersion relation of the general-
ized Langmuir/Z-mode to study the case of θ = 43°.
Comparing this mode with the ?eld-aligned wave and the
left-hand polarized free space mode (L-O), we see that the
?eld-aligned free space mode (L) and the generalized
Langmuir/Z-mode at θ = 43° share a similar dispersion
relation at λDk� 10−4.

4. Observed Wave Polarization

The presented polarization analysis is based on the assump-
tion that measurements of the phases between the electric and
magnetic channels are well calibrated. Besides basic data
validation, any direct veri?cation of this assumption using other
observations is challenging: the magnetic ?eld is typically below
the detection threshold, as in the case of auroral kilometric
radiation during the Earth Eyby, or the signal coherence is too
low due to scattering, as for the radio signal during type III
bursts. However, the agreement between observation and theory
throughout our analysis is consistent with this assumption, as
demonstrated in the following discussion.

To obtain a prediction of the wave polarization from
WHAMP, we analyze the dispersion relation and the eigenvec-
tors of the solution. Projecting the eigenvectors onto antenna
directions in ?eld-aligned coordinates yields a complex number
which describes the component’s amplitude and phase. Simi-
larly, for observational data, the recorded waveform observations
can be described for a given frequency by the corresponding
Fourier coef?cient—also containing the amplitude and phase.
Using either the WHAMP prediction or waveform observations,
we determine the relative phases between components by
constructing an averaged spectral matrix

( )=

* * *

* * *

* * *

S

E E E E E B

E E E E E B

B E B E B B

. 5

Y Y Y Z Y

Z Y Z Z Z

Y Z

MF

MF

MF MF MF MF

The components of S contain information about the wave
polarization: taking the argument ( )Sarg 12 provides the relative
phase ΔfEZ between EY and EZ, and the diagonal terms are
proportional to the power spectral density. Constructing the
matrix S for the observed wave Sobs and the WHAMP solution
SWHAMP, we evaluate whether the predicted polarization aligns
with the observed data.

Since this dispersion relation solver assumes a gyrotropic
VDF, it yields a dispersion relation ω(k) that remains invariant
under rotations around the direction of the ambient magnetic
?eld. However, the eigenvectors still depend on the choice of
the k vector. To obtain the correct solution, we need to
determine the azimuthal angle α of the wavevector. We rotate
k through all azimuthal angles and project the solution
eigenfunctions onto the antenna directions in the ?eld-aligned
coordinates. This way, we get a matrix function SWHAMP(α),
which we use to determine the predicted polarization.

For the observed waves, we use the waveform observations
by the Time Domain Sampler (TDS) of the Radio and Plasma
Waves (RPW) instrument (M. Maksimovic et al. 2020). During
the studied event, TDS recorded electric and magnetic wave-
forms at a sampling frequency of 262 kHz. Speci?cally, the
electric ?eld is measured in the Y–Z plane of the Spacecraft
Reference Frame (SRF) and the magnetic ?eld component BMF

is recorded by the Search Coil Magnetometer (SCM; G. Jannet
et al. 2021) along one axis oriented to (0.5, 0.74, −0.44) in SRF

coordinates. We compute the Fourier components of 2048
sample segments with 50% overlap using a Hann window. We
determine the coherences /=C S S Sij ij ii jj for each
frequency and set a threshold of CYZCYBCZB > 0.7. Averaging
the result over coherent frequencies (see Figure 4(c)) and the
segments within the waveform gives us Sobs, allowing us to
determine the observed relative phases as ΔfYZ = (−12 ± 5)°,
ΔfYB = (−91 ± 5)°, and ΔfZB = (−80 ± 5)°. By averaging
the spectral matrix over the snapshot, segments with higher
amplitude contribute more, meaning that our results primarily
correspond to the polarization during the largest waveform
amplitudes.
Now we compare the observed wave polarization with the

prediction given by the dispersion relation eigenvectors. In
Figure 4 we present the result of our polarization analysis,
showing the WHAMP predictions in the ?rst row and the wave
observations in the second row. For θ = 43°, we ?nd that an
azimuthal angle of α=−30° and a wavevector size
kλD = 1.5 × 10−3 match with the observations. Our solution
of the dispersion relation showed that the maximum growth
rate (as seen in Figure 3) occurred at kλD ≈ 2.6 × 10−2,
suggesting that the wavevector of the observed wave has
decreased since its generation, reaching the grayed-out
observed region 2 (OR2) in Figures 3(d) and 4(a). In contrast,
for wavevectors within OR1, while the theoretical amplitude
ratios also match the observations, the relative phases do not
agree (not shown). For θ ∈ (10°, 45°), we also found matching
polarization at low wavenumbers around 10

D
3 1, while

outside this range no match was observed.
The wavenumbers matching the observed polarization are 1

order of magnitude lower than the unstable wavenumbers from
the linear theory. This can be explained by several mechan-
isms. Electrostatic decay, as proposed by D. B. Graham &
I. H. Cairns (2013), is one possibility. In this process, a
primary Langmuir wave decays into a secondary Langmuir/Z-
mode wave with a lower wavenumber and a low-frequency
ion-acoustic wave. While our observations do not rule out this
mechanism, the absence of a clear double peak in the
frequency spectrum might favor other explanations.
Another possible mechanism, studied by D. M. Malaspina

et al. (2011), is that the wavenumber decreased due to
propagation into density gradients. As demonstrated by
Figure 3(d), the required change in the plasma frequency
would be very small, close to 0.1%. Additionally, even if
stronger instabilities tend to favor parallel wave growth, a
density gradient misaligned with B0 could refract the wave. In
this case, an initially parallel Langmuir wave could be
transformed into an oblique Langmuir/Z-mode wave.
Although we were able to constrain the wavevector to the
OR2 region, where the relative phases and amplitudes are
consistent with the WHAMP solution, we cannot de?nitively
determine which of the proposed mechanisms is responsible
for the observed wave properties.
We performed the polarization analysis on waves recorded

at 13:52 UT because the waveform data show the strongest
electric ?eld observations. In Figure 1(d), we show the
hodogram of these observations with the directions of the
WHAMP predicted wavevector and the observed ambient
magnetic ?eld direction (projected onto the SRF Y–Z plane).
We see that the observed wave has an elliptical polarization,
with the major axis not aligned with the magnetic ?eld but well
aligned with the calculated wavevector, just as predicted by
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WHAMP. In general, the WHAMP solution predicts a linear
polarization of the electric ?eld Euctuations when k is aligned
with the magnetic ?eld line and an elliptical polarization at
higher wavevector angles θ.

Suppose that the observed wave has propagated from its
generation region into a region of higher density. It has
remained at the original frequency of maximum growth (see
Figure 3(d)), while the entire dispersion curve (blue line in
Figure 3(d)) has shifted upward along the frequency axis, thus
decreasing the magnitude of its wavevector. To allow the wave
to propagate to a higher density plasma, it must not be strongly
damped by the “valley” of negative growth rate observed in
Figure 3(c), which lies between the region of beam growth and
the small-wavenumber region of weak damping. This can
occur in the presence of a plateau, as demonstrated in
Figure 3(b), or when the density change happens suf?ciently
fast over a smaller distance than the wavelength of the wave.

This analyzed wave was recorded between the neighboring
timestamps of 13:38 UT and 14:05 UT, during which we found
a solution to the dispersion relation. We replicated the same
results of the polarization analysis using both timestamps with
a similar outcome (not shown). For this reason, we suppose
that for the intermediate timestamp we can also use the same
results.

5. Conclusions

We performed a polarization analysis of the Langmuir/Z-
mode waves observed during an in situ type III radio emission.
The ?rst of their kind observations of a coherent magnetic
component allowed us to compare the electric and magnetic
waveform observations from RPW with a prediction. This

analysis was made possible by the availability of in situ
electron observations by the SWA and EPD instruments. By
modeling the electron VDF and solving the dispersion relation,
we showed that the observed wave polarization is consistent
with obliquely propagating generalized Langmuir/Z-mode
waves. The observed relative amplitudes and phases of
Euctuating electric and magnetic ?elds correspond to wave-
numbers around 10

D
3 1. Linear solution of the dispersion

relation reveals that these waves can grow at oblique
wavevectors but with signi?cantly larger wavenumbers
compared to the observations. Propagation into density
gradients can be responsible for this wavenumber shift.
Growth at parallel wavevectors and subsequent refraction at
density gradients can also possibly explain the observations.
Our ?ndings are consistent with the concepts proposed by
D. Krauss-Varban (1989) and A. Layden et al. (2011), and
with the wavenumber shifting mechanisms considered by
D. M. Malaspina et al. (2011).
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