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Abstract

A suprathermal spectral component is identified in the spontaneous emissions of κ-distributed plasma populations,
ubiquitous in astrophysical setups. Theoretical power spectra are confirmed by the simulations and capture the
dispersion characteristics of electrostatic and electromagnetic eigenmodes of a quasi-stable magnetized plasma.
Selectively enhanced by the suprathermal emissions are the fluctuations of fast modes (e.g., Langmuir, fast
magnetosonic, or the low-wavenumber branches of kinetic Alfvén and Bernstein waves) induced resonantly by the
energetic (suprathermal) particles. These results have an immediate implication in spectroscopic techniques of
in situ or remote diagnosis for the very hot and dense plasmas, e.g., close to the Sun, where direct measurements of
plasma particles and their properties are technically impossible. Contrasting patterns of suprathermal emissions
may confirm the coronal origin of the suprathermal populations observed in the solar wind.

Key words: methods: analytical – methods: numerical – radiation mechanisms: non-thermal – radiation
mechanisms: thermal – solar wind – Sun: corona

1. Introduction

Quasi-thermal motions of plasma particles trigger multiple
physical processes via spontaneous emission and reabsorption
(or induced emission) of random electromagnetic field fluctua-
tions. Spontaneous fluctuations are detected in the quasi-
stationary solar wind far from the influence of induced
emissions, e.g., temperature anisotropies instabilities (Bale
et al. 2009; Adrian et al. 2016), and are fully determined by the
velocity distributions of plasma particles, making it possible to
unveil their properties (Meyer-Vernet 1979; Meyer-Vernet &
Perche 1989; Hoang et al. 1993; Maksimovic et al. 1995;
Issautier et al. 1998; Moncuquet et al. 2005). Specifically, the
quasi-thermal noise (QTN) spectroscopy enables us to
determine macroscopic parameters such as plasma density
and temperature profiles from in situ measurements of
electrostatic noise (Meyer-Vernet & Perche 1989; Chateau &
Meyer-Vernet 1991; Hoang et al. 1993; Maksimovic et al.
1995; Issautier et al. 1998; Zouganelis 2008; Moncuquet et al.
2005; Le Chat et al. 2009). Whatever the nature of the
measured emissions, electrostatic or electromagnetic, sponta-
neous or induced, an accurate estimation of these emissions is
essential for a reliable diagnosis. Advanced theories have thus
been proposed to provide general formulations in unmagne-
tized (Schlickeiser & Yoon 2012) and multispecies magnetized
plasmas (Navarro et al. 2014a), in order to show the influence
of nonthermal populations on the dispersion and stability
properties at ion and electron scales (Viñas et al. 2005,
2014, 2015; Navarro et al. 2015), and estimate the full
wave-vector spectrum of spontaneous emissions in magnetized
plasmas with nonthermal distributions (Kim et al. 2017, 2018;
López & Yoon 2017; Yoon & López 2017). Spectroscopic
techniques with improved theoretical estimates are of great
interest for the new inner-heliospheric missions, such as the
Parker Solar Probe (PSP) and the Solar Orbiter (SO;

Zouganelis 2008; Martinovic et al. 2018). Their scientific
purpose is to investigate an outstanding problem of mutually
related coronal heating and solar wind acceleration (Goldstein
et al. 2015). The PSP mission, in particular, will reach an
unprecedented low distance of ~ R9.5 S from the surface of the
Sun (where RS=6.957×105 km is the solar radius), where
direct measurements of charged particles traveling along
the almost radial interplanetary magnetic field lines will be
prohibited owing to the heat shield that protects the spacecraft
from intense solar heat and radiation. However, indirect
measurement of QTN spectrum may be employed in order to
diagnose the particle content. Spectral calibration originally
developed for the solar wind near 1 au (≈214RS) must be
adjusted in order to reflect the fact that plasma in the outer
corona is significantly magnetized. At 1 au the solar wind is
low magnetized, or practically unmagnetized if we refer to
electrostatic emissions in the range of electron plasma
frequency ωpe;24 kHz; this is much higher than the electron
cyclotron frequency, which is only Ωe;0.16 kHz (the ratio of
the two frequencies being of the order O( )102 or higher).
However, at~ R9.5 S, ωpe;570 kHz, while Ωe;59 kHz, their
ratio being on the order of 10 or less. For this parameter range,
and in general for lower frequency emissions, which can be
more informative in an alternative diagnosis (Viñas et al.
2005), the theory of fluctuations in magnetized plasmas must
be employed. Another aspect that requires generalization
involves the often-invoked electrostatic (ES) approximation
(Meyer-Vernet et al. 2017), which may be an adequate first-
order approximation, as recently pointed out Yoon et al.
(2018), but for magnetized plasmas the QTN may contain
significant magnetic field component that can be detected by
the above-mentioned spacecraft. Specifically, the nearly
identical Radio and Plasma Waves instrument on board SO
and the FIELDS instrument suite for PSP (Müller et al. 2013;
Bale et al. 2016) are capable of measuring magnetic field
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fluctuations in the QTN range corresponding to 104–106 Hz, as
long as the fluctuation intensity is above the instrument noise
level of ∼10−11 [nT]2 Hz−1. This range of frequency coincides
with the electric field measurements in the same range above
the instrument noise level of 10−18 V2m2 Hz−1. With such
unprecedented capabilities, these instruments may be able to
detect a three-component magnetic field in the solar corona,
from DC to beyond the electron cyclotron frequency to fully
characterize magnetic field fluctuations. This in turn prompts
the interest to decode and quantify the spontaneous emissions
and upgrade the QTN spectroscopy to incorporate the effects of
ambient magnetic field and the full electromagnetic spectrum.

2. Suprathermal Fluctuations

The solar wind is populated by suprathermal particles,
which enhance the high-energy tails of their distributions
(Vasyliunas 1968; Pierrard & Lazar 2010). Only a proper
modeling incorporating these populations may clarify their
implications, and in particular, the contribution to QTN, here
called the suprathermal spontaneous emission. Idealized spectra
of Maxwellian plasmas (Meyer-Vernet & Perche 1989; Hoang
et al. 1993; Maksimovic et al. 1995; Moncuquet et al. 2005) have
a limited relevance and may lead to inconsistent measurements,
e.g., for the temperature, which depends on the measured energy
range (Meyer-Vernet & Issautier 1998). The accuracy is improved
by adopting a κ-distribution function (Chateau & Meyer-
Vernet 1991; Zouganelis 2008; Le Chat et al. 2009; Martinovic
et al. 2018) k= +k

k- -( ) [ ( )]F v A v w1 2 2 1, introduced 50 years
ago Vasyliunas (1968) to reproduce the observed distributions
with suprathermal tails (Pierrard & Lazar 2010). Here =kA
k k p kG + G -( ) ( ) ( )w1 1 2 3 2 3 3 2 such that ò =( )v vd F 1,

Γ(z) is the gamma function, and the most-probable speed w is
given by the second-order moment, which defines (for κ>3/2)
the isotropic scalar pressure and leads through the ideal gas law,
=p nk TB , to kinetic temperature (Meyer-Vernet et al. 2017).

Quasi-thermal population is concentrated in the low-energy core,
but suprathermal tails can markedly deviate from the the (nearly)
Maxwellian core (MC). Suprathermal fluctuations can therefore
be outlined from a direct contrast with MC using recent
estimations for the full spectrum of spontaneous emissions in
magnetized plasmas (Kim et al. 2017, 2018; López & Yoon 2017;
López et al. 2017; Yoon & López 2017).

However, contrasting κ- and Maxwellian models is, in
general, subject to temperature invariance, invoking an
equivalent Maxwellian (EM) = -( ) [ ( )]F v A mv k Texp 2 BEM

2

of same temperature = = ( )T T mv k2T BEM
2 (with =A

p[ ( )]m k T2 B
3 2), that enables to extend the concept of

temperature of a κ-distribution in classical thermodynamics,
but does not reproduce the core, see Figure 1, and, implicitly, it
cannot be invoked to outline the suprathermal populations in a
κ-distribution. Instead, the Maxwellian approaching the core
(subscript MC; Vasyliunas 1968; Lazar et al. 2015), =( )F vMC

= -k¥ ( ) [ ]F v A v wlim expM
2 2 , with p= ( )A w1M

3 2 3 ,
is defined by the same most-probable speed w but lower
temperature = <( )T mw k T2 BMC

2 , see Figure 1. Direct
contrast of κ-distribution with this Maxwellian limit enables
a straightforward evaluation of the suprathermal emissions.
In terms of the electric field spectral intensity

*d d dá ñ = á ñw w wE E Ek k k
i i2
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Subscript a denotes species of a plasma of electrons (a= e) and
protons (a= p), ea=±e is the unit electric charge, na is the
number density (satisfying charge neutrality = =n n np e 0),
W = ( )e B m ca a a0 is the cyclotron frequency (B0, ma, and c are
the ambient magnetic field, particle mass, and the speed of light,
respectively), = - ¢ +^ ^ ( ( ) ) ˆ ( ) ˆ ( ) ˆV e e ev nJ b b iv J b v J bn

n n n1 2 3,
and Jn(b) is the Bessel function (prime denotes the derivative)
of the first kind of order n and argument = W^ ^b k v a.

3. Theory versus Simulations

In a recent study of electromagnetic fluctuations, Viñas et al.
(2005) originally suggested that a comparison of these
emissions due to thermal and nonthermal distributions may
provide a diagnostic signature by which inferences about the

Figure 1. Contrasting κ-distribution (black, κ=2) with EM (red-dashed) of
same temperature, and Maxwellian limit approaching the core (MC, blue-
dotted).
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nature of the particle velocity distribution function can be
ascertained without in situ particle measurements. Here, we
look to the full spectrum of spontaneous fluctuations and
first compare the estimates for a κ-distributed plasma with
thermal emissions as given by EM and MC. Figure 2 displays
frequency-wavenumber (ω−k) spectra of spontaneous emissions
predicted by the theory for three directions of propagation with
respect to the magnetic field. The color bars show normalized
versions of Equation (2) in logarithmic scale, i.e.,

p W á ñ[ ∣ ∣ ]E Tlog 2 e
3 2 for the high-frequency emissions (left

panels) and p W á ñ[ ∣ ∣ ]E Tlog 2 p
3 2 for the low-frequency emissions

(right panels). Responsible for the high-frequency emissions (left
panels) are mainly the electrons, for which we set a coronal
parametrization with w pº = W∣ ∣n e m4 5pe e e e

2 , and either
=v c 0.1Te for κ-distribution with κ=2 (top) and the EM

(middle), or =v c 0.05Te for MC (bottom). The low-frequency
fluctuations (right panels) are obtained for =m m 1836p e ,
κe=κp=κ=2, Alfvén speed =v c 0.001A , and for the
plasma beta parameters, either βp=βe=0.1 for EM and
κ-distributions or βp=βe=2.5×10−2 for MC. The quasi-
thermal energy of plasma particles transfers mainly to the
collective (eigenmode) excitations, whose spectrum (markedly
enriched in magnetized plasmas) is outlined by intensity peaks:
the high-frequency Langmuir and R,L-modes (left panels),
and the low-frequency magnetosonic/whistler and Alfvén (or
ion-cyclotron (IC)) modes (right panels) in quasi-parallel
directions ( ^k k ), while for highly oblique angles (kP=k⊥)
one can distinguish the ordinary (O) and extraordinary (X)
modes, or the kinetic Alfvén and multiple harmonic cyclotron
(Bernstein) waves. Quantified by the low values of κ, the
abundance of suprathermals, and, implicitly, their effects, are
outlined by contrasting κ-distribution with MC. Thermal
fluctuations obtained for MC are at the lowest level, lower than
thermal emissions of EM, and much lower than quasi-thermal
(total) emissions of κ-distribution.

This stimulation of spontaneous fluctuations by the
suprathermals is confirmed by the simulations, see Figure 3
with color bars showing á ñ[ ]E Blog 2

0
2 . High-frequency

fluctuations (left panels) are obtained from particle-in-cell
simulations with a realistic mass ratio =m m 1836p e , box size

w=L c512 pe, number of grid cells ng=4096, 1000 particles
per cell per species, time step wD =t 0.01 pe, and maximum
simulation time w=t 655.36 pemax . Low-frequency fluctua-
tions (right panels) are obtained from hybrid simulations with
= WL v502.6 A p, ng=4096, and the same number of particles

per cell, time step, and maximum running time. Although
hybrid codes minimize electron dynamics and may lead to
some minor differences contrasting with theory, both simulated
spectra closely resemble the corresponding sets of high- and
low-frequency fluctuations in Figure 2.
Suprathermal spectral components corresponding to quasi-

parallel and quasi-perpendicular fluctuations in Figure 2 result
from Equation (1), and are displayed in Figure 4 as

d dá ñ á ñw w[ ] ∣ ∣E ESign logk k
2

,
st 2

,
st (color levels). Positive values

confirm, as shown by the color levels of red, a systematic
stimulation of the spontaneous emissions of fast modes, e.g.,
Langmuir, fast magnetosonic, O- and X-modes, and the low-
wavenumber branches of Alfvén and Bernstein waves, with a
high enough phase speed. Indeed, these modes with

wºv kphase are sufficiently high, e.g., v vTaphase can be
resonantly amplified by the suprathermal (energetic) particles
with v� vTa, satisfying Landau resonance ( v vphase ) or
cyclotron resonance (w W - ∣ ∣ kva ). In Figure 4 we overplot
these conditions as functions of thermal velocities, Landau
resonance w =k vTa (dashed lines), and cyclotron resonance
w W - ∣ ∣ kva Ta, (solid lines) for both the high-frequency
emissions triggered by the electrons (a= e), and the low-
frequency fluctuations mainly driven by the protons (a= p). As
expected, suprathermal emissions are peaked by the fast modes
above these conditions and for sufficiently low wavenumbers.
Thermal emissions of a low phase speed involve (resonantly)
the less-energetic particles from the core (w ~ <k v vth),

Figure 2. Fluctuations from theory: high frequency (left) and low frequency (right).
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which is slightly less populated than MC and may thus explain
the negative (and not zero) values in blue areas. Enhanced
thermal fluctuations are indeed obtained in the range of slow
modes, see MC in Figures 2 and 3. Instead, spontaneous
emissions in the range of fast modes are heavily dominated by
the suprathermal fluctuations. Suprathermals should therefore
facilitate detection of these spontaneous emissions, which
include the high-frequency Langmuir fluctuations currently
adopted in QTN spectroscopy. Originally developed for
unmagnetized plasmas, these techniques have also been
adjusted to weakly magnetized plasmas with κ-distributed
electrons to determine their properties at large heliocentric
distances in the solar wind, and, implicitly, some of the ion
parameters (Zouganelis 2008). The error margins are below
10% for the electrons, but exceed 15% for protons, presumably,
due to their very low QTN in the range of high-frequency
(Langmuir) fluctuations. In the present computations of high-
frequency emissions, e.g., in Figure 1 (left) we have also
neglected the proton contribution, which is however captured
by the simulations in Figure 2 (left) as a very low (background)
noise without a sensitive influence on the peaks. Present results
suggest that proton parameters may be extracted more
accurately from the low-frequency fluctuations, e.g., in
Figures 2–4, which here are computed assuming both the
electrons and protons κ-distributed, with the same κ=2.
Heavier species may be more thermalized than electrons, and a
Maxwellian calibration of their emissions can be acceptable
(Zouganelis 2008), but even a faint suprathermal component, if
present, it may be identified in the suprathermal emissions of
low-frequency modes. Notice also that suprathermal fluctua-
tions quantified in Equation (1) are a measure of the kinetic
energy of suprathermal populations in quasi-stationary states,
when emissions are constant in time being (partially) counter-
balanced by the absorptions. In the presence of instabilities,
e.g., driven by the temperature anisotropy of plasma particles,
fluctuations are markedly enhanced by the induced emissions
that increase the level of fluctuating field near the instability

thresholds, even in the absence of suprathermal populations
(Bale et al. 2009; Navarro et al. 2014b). However, in the
presence of suprathermals with an additional free energy these
instabilities are stimulated (Lazar et al. 2015), leading to
enhanced fluctuations (Viñas et al. 2015). Comparing to these
theories that pertain to parallel propagation, our present results
suggest how to estimate the full spectrum of induced
fluctuations, which grow much faster in the oblique directions.
In particular, suprathermal component of stimulated fluctua-
tions can be estimated with a similar approach based on
Equation (1), thus creating premises for an advanced diagnosis
of the unstable states of anisotropic plasmas.

4. Conclusions

To conclude, suprathermal populations present in space
plasmas have a significant contribution to the spontaneous
emissions of electric and magnetic fields, and selectively
enhance the fluctuations of fast modes, reflected by their
peaking intensities in Figure 4. The electrons contribute mainly
to high-frequency emissions, while suprathermal protons
generate low-frequency fluctuations. In order to outline the
magnitude of these emissions we invoke significant popula-
tions of suprathermal electrons and protons, as quantified by
the low values of power-index, e.g., κe=κp=2. Low values
of κ reported by the observations are more typical of the solar
wind electrons (Pierrard & Lazar 2010), but energized protons
should also be present in the hotter corona, or even in the solar
wind and terrestrial magnetosphere during the energetic coronal
ejections (Haaland et al. 2010). Reducing the suprathermal
component of protons (by increasing κp) does not affect the
high-frequency emissions, but diminishes the lower frequency
power spectra (a detailed study will be presented elsewhere).
The existing techniques of QTN spectroscopy involving the

electrostatic fluctuations (Chateau & Meyer-Vernet 1991;
Zouganelis 2008; Le Chat et al. 2009; Martinovic et al.
2018) may need a recalibration to take into account these
selective patterns of suprathermal emissions, as estimated here

Figure 3. Fluctuations from simulations: high frequency (left) and low frequency (right).
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for a magnetized plasma, and compare with the fluctuations
measured in situ. We are aware that the application of our
theory to actual observation is not straightforward, in particular,
when the total measured electric field power corresponds to the
summation of fluctuations emitted in all directions. First we
could point out that actual spacecraft measurement is on
frequency, not both frequency and wave-vector, so in principle
one should integrate over all wave-vectors k. However, as
Meyer-Vernet et al. (2017) discussed, the integration over
wave-vector must be done with the antenna geometrical factor
multiplied, which effectively reduces the wave-vector integra-
tion into a 1D k-integration over antenna axis. This is
equivalent to performing integration over modulus of k, while
leaving the propagation angle as a free parameter. How to
choose the propagation must depend on the local solar wind
magnetic field direction and the spacecraft spin axis. The
application of our theory to actual observation probably
requires intimate knowledge of the spacecraft itself. The
electrostatic emissions may present some facilities in this case,
as the orientation of linear antenna used to measure them with
respect to the spin axis or the magnetic field direction is known.

The electromagnetic emissions are less damped and are
therefore expected to be more susceptible to remote detection
with sensitive radio receivers, and ensure complementary
means for an accurate diagnosis of particle distributions and
their macroscopic properties. Details of the power spectra,
including the inherent suprathermal component, should enable
to refine capabilities of alternative diagnosis of high interest for
the new heliospheric missions, which aim to explore regions in
the outer corona where direct measurements of plasma particle
flows are technically impossible. We may thus hope that
peaking patterns of suprathermal emissions inferred from the
spectral measurements of the newly launched PSP can confirm
the coronal origin of the suprathermal populations that are
observed in the solar wind.
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