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Abstract. Several kinds of instabilities are often observed in the solar wind. Langmuir waves have been
observed using wideband plasma wave measurements on several spacecrafts such as the Galileo spacecraft.
We studied the Langmuir wave instability event in the solar wind on 10 December 1990, during a solar
maximum. On this date, highly structured bursts and Langmuir waves have been observed by the Galileo
spacecraft. We used the dispersion relation in hot magnetized plasma to calculate the Langmuir wave
instability properties. The properties of Langmuir wave instability are investigated and all physical
parameters of interplanetary in around 1 AU are analyzed. The instability parameters, such as wave frequency, the thermal velocity and the damping rate are calculated. The results show that the damping rate of
Langmuir waves increases with increasing the frequency of Langmuir waves. Also, the lowest damping rate
decreases with increase in the wave normal angle. The results show that a good agreement between computational results and Langmuir waves has been observed by the Galileo spacecraft on 10 December 1990.
Keywords. Langmuir wave—instability—solar maximum—solar wind.

1. Introduction
Several types of plasma instabilities such as Langmuir
turbulence and ion-acoustic waves instabilities can
occur naturally in various astrophysical (Lorninadze
et al. 1979; Grard et al. 1986) and space situations
(Gurnett et al. 1993; Fleishman & Toptygin 2007;
Haihong 2016; Sgattoni et al. 2017; Kalaee 2020a).
Plasma instability research is an important subject and
is still an active topic in a lot of research. Although we
have a good understanding of the linear evolution of
the instabilities, the processes of nonlinear instability
are not well known.
It is well known that the solar wind is composed of
approximately equal numbers of ions and electrons that
flow at supersonic and super-Alfvénic speeds into
planetary space. Solar wind in interplanetary space is an
active laboratory for space plasma experiments because
it is available to satellites and space probes. On the other
hand, in the solar wind, plasma conditions and

parameters can be changed based on the solar activity.
Sometimes these changes create conditions for some
kind of instability events in the plasma. For example,
space storms are extreme manifestations of space
plasma instabilities. It also varies in response to shocks
(Watari et al. 2001; Echer et al. 2003; Kilpua et al.
2015; Kalaee 2020b), waves and turbulence that perturb
the interplanetary flow. Electrostatic Langmuir waves
can initially be generated by the wave–particle resonance, and nonlinear wave–wave interactions will then
transform the wave energy into electromagnetic waves
(Henri et al. 2009; Briand et al. 2014).
Often, when the flare occurs, a very broad range of
electron energies (up to several hundred keV) is
impulsively released from the Sun so that these electrons stream outward from the Sun along the solarwind magnetic field lines. Electrons with great
velocities cause bump on tail distribution function that
leads to the growth of Langmuir waves near the local
electron plasma frequency (Gurnett & Bhattacharjee
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2017). Usually, Langmuir waves occur in association
with electron fluxes with energies 100–400 eV (Biswas & Khalique 2010). To study the dynamic processes of electrons, in particular in collisionless
plasma, Langmuir waves have an important role. Also,
Langmuir waves have been extensively studied in
relation to solar radio emissions that are so-called
Type II and Type III radio emissions. These radiations
are often generated by nonlinear interactions near the
plasma frequency and at twice the plasma frequency
(Ginzburg & Zhelezniakov 1958; Soucek et al. 2005;
Che et al. 2017).
For the first time, Gurnett & Anderson (1977)
noticed Langmuir waves associated with Type III
burst. Since then, the emission of Langmuir waves has
been observed directly in waveform data in the solar
wind by several spacecrafts. Recently, a basic process
of growth and saturation of the Langmuir waves
(across the heliosphere) is reviewed by Briand (2015).
In this paper, we study interplanetary solar-wind
properties to investigate the Langmuir wave instability
at a distance of about 1 AU from the Sun. We used the
physical parameters of solar wind such as the temperature of electron and ion, electron density, ion
density and interplanetary magnetic field based on the
spacecraft observations. We used the dispersion relation in hot magnetized plasma to calculate Langmuir
turbulence properties. To determine the damping rate,
a numerical solution of the dispersion relation equation is carried out. Since the damping rate of instability depends on the wave normal angle and wave
vector, it is carried out for different wave normal
angles and k-vectors. Later, these results of theory and
calculations have been compared with the observations of Langmuir wave instability event in the solar
wind on 10 December 1990, during a solar maximum.

2. Data and observations
Interplanetary plasma high-resolution data used in this
study were obtained by sensors onboard the WIND
spacecraft, Helios spacecraft. We use an empirical
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solar-wind model (depending on solar activity and
solar distance) based on Helios and OMNI observations presented by Venzmer & Bothmer (2018) for the
magnetic field (B) and the proton density (np). They
present a fit mode over the OMNI time period
1963–2016 and Helios hourly data over solar distance.
The average physical parameters of solar wind from
the solar-wind model for a case with maximum
activity (Sunspot number equals 200) are listed in
Table 1.

3. Theory and results
First, we shortly review the theory to formulate the
dispersion relation and the damping rate for Langmuir
instability based on the hot plasma theory, and then
we extend our discussion to quantify the dispersion
relation and the damping rate for Langmuir wave
based on observation.
The plasma oscillations in the warm plasma are
called Langmuir waves. The thermal motion of the
electrons carries information about a disturbance so
that it is considered as a wave. The dispersion relation
(Baumjohann & Treumann 1998) by using the plasma
dispersion function can be written as
Dðk; xÞ ¼ 1 

¼1 x2 K ðg Þ
X lX
ps l s
s

l¼1

k2 v2ths?



Ts? 0
2lxcs

Z ðns Þ 
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where xps , xcs and k are the angular plasma frequency, angular gyro frequency and wave vector,
respectively. Ts? and Tsk are the temperatures of the
perpendicular and parallel components of charge
particles (electron and proton). vths? and vthsk are the
thermal velocities of the perpendicular and parallel
components. Z ðnÞ is the plasma dispersion function
(Fried & Conte 1961), and Kl ðgs Þ is defined by
Kl ðgs Þ ¼ Il ðgs Þ expðgs Þ;

ð2Þ

Table 1. Physical parameters of the solar wind from the solar wind at 1 AU, including
Sunspot number, magnetic field, proton and electron densities, perpendicular and parallel
components of proton and electron temperatures.
r
(AU)

Ssn

B
(nT)

np
(cm-3)

ne
(cm-3)

TP?
(K)

TPk
(K)

Te?
(K)

Tek
(K)

1.0

200

7.52

6.86

7.55

50,000

80,000

138,000

168,000
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where Il ðgs Þ is the Bessel modified function of order l
and gs is defined by
gs ¼

2 2
k?
vths
:
2x2cs

ð3Þ

We assume a nearly parallel propagation and
neglecting the ion contribution. Under these assumptions for kk ! 0 and l 6¼ 0 all Kl ¼ 0, and the sum in
Equation (1) reduces to the term with index l = 0. On
the other hand, for a weakly damped is required that
restricted to the region where K0 is sufficiently large. It
depends on the angle of propagation. Since the argument of K0 increases (K0 decreases monotonically)
with increasing angle, so the oblique wave encounters
stronger damped. As nearly parallel propagation ge is
small, we can expand K0 ðge Þ  1  ge . After making
these substitutions and simplifying Equation (1) as the
magnetized Langmuir dispersion relation becomes
x2l ðk; hÞ ¼ x2pe cos2 h
"
 1þ

3k2 k2Dk

Te? x2pe 2
cos h 1 
tan h
6Tek x2ce
2

Table 2. Results of estimated electron plasma frequency,
the electron gyro-frequency, the electron gyro-radius, the
perpendicular electron thermal velocity and the Debye
length for the parallel thermal velocity at distance 1 AU.
r
(AU)

Fpe
(kHz)

Fce
(kHz)

rce
(m)

vths?
(m/s)

kDk
(m)

1.0

24.67

0.211

1585.9

1438.76

10.3

!#
; ð4Þ

where kDk is the Debye length for the parallel thermal
velocity and h the normal angle that it is the angle
between the wave vector and the magnetic field.
Finally, under the assumption that damping is weak,
the damping rate is given by
cl ðxl ; k; hÞ
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Figure 1. Damping rate of the Langmuir wave as a
function of Langmuir frequency and the value of wave
vector where the wave normal angle is 0.05°. The blue
circle shows the area with the lower damping rate.
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Figure 1 shows the damping rate of the Langmuir
In the following section, we quantify dispersion wave as a function of Langmuir frequency and the value
relation and the damping rate for Langmuir wave of the wave vector, where the wave normal angle is
based on observation. We have used the magnetic 0.05°. The lowest damping rate is related to the frefield and plasma measurements, as listed in Table 1. quency around 25.2 kHz, which is shown in Figure 1 as
The physical parameters of the solar wind from the the blue area. The damping rate increases with
solar wind at 1 AU are considered for the case with increasing frequency and value of the wave vector.
maximum activity. First, we estimate several plasma
Figure 2 shows the damping rate of the Langmuir
parameters such as the electron plasma frequency, the wave as a function of Langmuir frequency and the
electron gyro-frequency, the electron gyro-radius, the value of the wave vector, where the wave normal
perpendicular electron thermal velocity and the Debye angle is 0.5°. The lowest damping rate is related to the
length for the parallel thermal velocity at a distance of frequency around 25.1 kHz, which is shown in Fig1 AU from Sun. The results are presented in Table 2. ure 2 as the blue area. The results show that the
In this step, the frequency of the Langmuir wave Langmuir frequency shifts a little to lower frequency
and damping rate are estimated to k (value of wave with increasing wave normal angle.
vector) range from 0.001 to 1.2 for h ranging from 0°
Finally, we present the results of damping rate for
to 2°. As we are interested in nearly parallel propa- h ¼ 2 , as shown in Figure 3. The lowest damping rate
gation, we consider the wave normal angle up to 2°. is related to frequency around 24 kHz. The results
Also, we consider a small range of the wave vector, show that the damping rate increases with decreasing
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Figure 2. Damping rate of the Langmuir wave as a
function of Langmuir frequency and the value of wave
vector where the wave normal angle is 0.5°. The blue circle
shows the area with the lower damping rate.
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Figure 3. Damping rate of the Langmuir wave as a
function of Langmuir frequency and the value of wave
vector where the wave normal angle is 2°. The lower
damping rates are around 24 kHz of Langmuir waves.

Figure 4. Damping rate as a function of Langmuir wave with (a) h ¼ 0:5 , (b) h ¼ 1 , (c) h ¼ 1:5 and (d) h ¼ 2 .

frequency and also the Langmuir frequency related
to the lowest damping rate is shifted to the lower
frequency.

For showing more details of the damping rate,
we have plotted the damping rate as a function of
Langmuir wave for several wave normal angles.
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Figure 5. Sunspot number via time. The phase of the solar
activity is maximum on 1990.

Figures 4(a)–(d) show the results with h ¼ 0:5 ,
h ¼ 1 , h ¼ 1:5 and h ¼ 2 , respectively. In four
figures, the lowest damping rate is around
24–25 kHz. With increase in wave normal angle
from 0.5° to 2°, the frequency of Langmuir wave
decreases from 25 to 24 kHz.
In the next step, to compare the results with the
observation, we consider the solar electron event
observed on 10 December 1990 by the Galileo
spacecraft. In this year, the phase of the solar
activity was maximum, as shown in Figure 5.
Sunspot numbers (Ssn) via time are plotted in
Figure 5, which shows about Sunspot number 200
on 1990. One of the areas of greatest interest,
especially in association with Type III radio
bursts, is the interaction of the Langmuir waves
and the electron beam. Basically, the radio bursts
are generated by a two-step process: (i) Langmuir
produced by the ejected electrons (such as solar
activity) via plasma instability and (ii) converted
to electromagnetic radiation by nonlinear processes. Figure 6 shows Langmuir waves that are
observed on 10 December 1990 by the Galileo
spacecraft.
Langmuir waves were observed on 10 December 1990 by the Galileo spacecraft shown in
Figure 6. As can be seen, the frequency of
Langmuir waves is around 24 kHz. The red
dashed line shows the main frequency of Langmuir (24 kHz). By compressing the results of our
calculation for nearly parallel propagation to
observation, we can see a good agreement
between them. The main frequency (24 kHz) from
observation is according to the wave normal
angles equal to 2° with k  0:01.
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Figure 6. Langmuir waves that observed on 10 December
1990 by the Galileo spacecraft (Gurnett et al. 1993).

4. Summary
The emission of Langmuir waves has been
observed directly in waveform data in solar wind
by several spacecrafts. In this paper, we used the
physical parameters of the solar wind such as
temperature of electron and ion, electron density,
ion density and interplanetary magnetic field based
on the Helios and OMNI observations for a case
with maximum activity (Sunspot number equals
200). We used the dispersion relation in hot magnetized plasma to calculate Langmuir turbulence
properties and determine the damping rate. The
Langmuir frequency is estimated to the range of
wave normal angle from 0° to 2° for k ranging
from 0 to 1.2. Then we considered the solar
electron event observed on 10 December 1990 by
the Galileo spacecraft to compare the results with
the observations. The results that we obtained are
summarized as follows:
(1) The lowest damping rate of Langmuir waves is
around the plasma frequency.
(2) With increased wave normal angle from 0.5° to 2°,
the frequency of the Langmuir wave decrease from
25 to 24 kHz.
(3) The damping rate of Langmuir waves increases
with increasing the frequency of Langmuir
wave.
(4) The lowest damping rate decreases with increasing
the wave normal angle.
(5) The result of the Langmuir wave frequency is in
good agreement with the Langmuir wave frequency that was observed on 10 December 1990
by the Galileo spacecraft.
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(6) The main frequency (24 kHz) from observation is
according to the wave normal angles equal to 2°
with k  0:01.
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