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Abstract
A major eruptive flare occurred on 12 January 2022 in the northeast not far behind the
solar limb (N32 E116). The eruption produced a fast coronal mass ejection (CME). The
rising ejecta was observed by the telescopes in the extreme ultraviolet and by the multi-
frequency Siberian Radioheliograph (SRH) in the 5.8 – 11.8 GHz range. We show how the
slope of the decrease in the brightness temperature of the rising ejecta, measured from the
microwave SRH images, is related to the heat inflow or outflow in its body during rapid
expansion with high acceleration and under the assumption that the plasma ionization state
changes insignificantly within the measurement interval. We found that the low-temperature
plasma component in the erupting prominence underwent heating. Most likely, this was
due to the predominance of ohmic heating because i) the polytropic index of expanding
plasma expected in this case was closest to the experimentally measured one, and ii) the
ohmic dissipation due to electron-proton collisions loses its efficiency during expansion
much slower than the other mechanisms of heating or cooling.

Keywords Coronal mass ejections · Heating · Prominences · Radio emission

1. Introduction

The presence of heating sources for the plasma of the solar atmosphere is beyond doubt. The
approximation of a static atmosphere implies a thermal balance which means that the heat
inflow into a selected element of space is equal to its outflow to the outside. In a stationary
solar wind, there must be an inflow of heat; otherwise, it could not be formed. However,
the solar wind flows in open magnetic structures. In non-stationary phenomena, such as
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ejections of solar plasma confined in closed magnetic structures, the assumption of a thermal
balance in a moving plasma element may be violated. The question arises as to the direction
of this violation. In other words, the inflow of heat or its outflow prevails. If they are equal
or simply absent, the ejected plasma expands adiabatically.

Observations of eruptive filaments (prominences) do not answer to this question unam-
biguously. For example, eruptions of filaments from active regions are often accompanied
by considerable rapid heating to coronal or higher temperatures of part of the plasma that
they contain. This can be seen in the extreme ultraviolet (EUV) as a change in the visibil-
ity of the prominence from absorption to emission during the early periods of the eruption
(e.g. Filippov and Koutchmy, 2002; Lee et al., 2017). Moreover, such a transformation of
prominence visibility is sometimes observed even before the launch of a fast eruption. There
are indications (Kucera and Landi, 2008) of heating of slowly erupting prominences whose
plasma does not reach coronal temperatures. In general, it is not clear if heating continues af-
ter the eruption begins, while such heating has been confirmed in a few case studies (Akmal
et al., 2001; Glesener et al., 2013; Grechnev et al., 2016, 2019). On the other hand, eruptions
of quiescent filaments far from active regions and plages show no signs of prelaunch heat-
ing of low-temperature filament plasma at all. It seems that the expansion of such filaments
is accompanied only by their adiabatic cooling. What happens to prominences in terms of
heating in a wider set of eruptions remains unclear.

The answer can be found in measuring the rate of change in the temperature of the ex-
panding plasma in an ejecta. Microwave observations of solar filaments have long been a di-
rect method for estimating their plasma temperature and emission measure. The main body
of most quiescent filaments and prominences is a low-temperature plasma located above
the chromosphere-corona transition region. Screening the quiet-Sun’s emission in the cen-
timetric and a part of the millimetric range, the filaments look like depressions, whose core
coincides with the depressions visible in the Hα line (e.g., Rao and Kundu, 1977; Lantos
and Raoult, 1980). In this case, solar filaments are optically thick and, with sufficient an-
gular resolution, their brightness temperatures are close to the kinetic temperatures of cold
hydrogen plasma.

The brightness temperatures of filaments located outside active regions range from about
4000 K to about 10000 K both before and during their relatively slow eruptions (e.g., Zan-
danov and Lesovoi, 1999; Grechnev et al., 2006). At wavelengths shorter than about 3 mm,
the optical thickness of quiescent filaments becomes less than unity, and the depression ef-
fect gradually disappears (e.g., Heinzel et al., 2022). The fact that solar filaments absorb
radio emission from the quiet Sun, even in the millimeter range, indicates that the degree of
ionization of hydrogen plasma at temperatures from about 4000 K and a number density of
plasma particles of the order of 1010 – 1012 cm−3 are high enough to provide the necessary
for absorption opacity.

In a real situation, the ionization state of static plasma that strongly departs from local
thermodynamic equilibrium (LTE) depends significantly on the specific values of temper-
ature, density, and fluxes of photoionizing optical and ultraviolet radiation. In turn, these
quantities depend on the shape of the prominence and its height above the photosphere. All
the listed parameters are ambiguous, and it is impossible to specify any characteristic value
of the degree of ionization.

To an even greater extent, such ambiguity is inherent in dynamic plasma during an impul-
sive eruption of a filament (prominence) from an active region when, among other things,
at the beginning of the eruption, a part of the initially cold hydrogen plasma is consider-
ably heated (e.g., Grechnev et al., 2019). Nevertheless, the very dynamism of the expanding
plasma may suggest the source of its heating.
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In the present study, we use the radio method and the fact of the rapid expansion of an
eruptive prominence to figure out the heating mechanism for the main part of its plasma.
The experimental basis of our study is microwave images of an eruptive prominence ob-
tained by the Siberian Radioheliograph (SRH: Altyntsev et al., 2020) in test observations.
The distance dependence of the brightness temperature of a piece of an erupting prominence
is measured. The experimentally obtained dependence is then compared with that calculated
under the assumption that the expansion of the prominence plasma is governed by the poly-
tropic pattern. That is, the product pV α of the pressure [p] and volume [V ] of the plasma
piece is a constant, and α is the polytropic index. This method makes it possible to estimate
from radio data the amount of heat released in the plasma during eruption. In the case of
adiabatic expansion, the polytropic index would be equal to the adiabatic index γ = 5/3.

2. The 12 January 2022 Eruptive Event

2.1. Brief Description of the Event and Its Observations

We consider the eruptive event that occurred on 12 January 2022, starting at about 04:25
over the solar limb in the northeast. The eruption resulted in a fast coronal mass ejection
(CME) with an average speed of about 1590 km s−1 that was measured in the online CME
catalog of the Coordinated Data Analysis Workshop (CDAW) (cdaw.gsfc.nasa.gov/CME_
list/: Yashiro et al., 2004) at a position angle of 28◦. The site where the eruption started
(and the associated flare occurred) was behind the limb for observations from the Earth’s
direction.

The flare site was not occulted for the Sun Earth Connection Coronal and Heliospheric
Investigation instrument suite (SECCHI: Howard et al., 2008) on the Ahead spacecraft of
the Solar-Terrestrial Relations Observatory (STEREO: Kaiser et al., 2008) that was located
35.0◦ eastward from the Earth. Figure 1a presents the view from the Extreme UltraViolet
Imager (EUVI: Howard et al., 2008) onboard STEREO-A to the filament eruption and the
flare site in 195 Å. According to the STEREO-A/EUVI observations in 195 Å and in 304 Å,
the filament eruption started at about 04:15. The estimated position of the flare site as seen
from Earth is N32 E116. The intense flare emission caused a strong overexposure distor-
tion (blooming) that appears in Figure 1a as a bright, thick saturation streak. The method
proposed by Chertok, Belov, and Grechnev (2015) allows for estimating the flare size of
�M4 from the length of the blooming streak. This is a lower estimate because the streak is
multi-element.

The Atmospheric Imaging Assembly (AIA: Lemen et al., 2012) onboard the Solar Dy-
namics Observatory (SDO: Pesnell, Thompson, and Chamberlin, 2012) observed the ejecta
rising above the limb starting at 04:21:30. Figure 1b shows an SDO/AIA image obtained in
304 Å; the ejecta looks mostly the same in the six AIA channels that are dominated by iron
emission lines. The cross in the lower-right corner denotes the projected position of the flare
site.

The event was also observed at 5.8 – 11.8 GHz by the SRH middle-frequency interfer-
ometer operating in the test mode. Since late 2021, the low-frequency and middle-frequency
SRH interferometers have started sessions of test observations, while their interruptions oc-
curred for additional testing. Figure 1c shows a “clean” image of the ejecta obtained by SRH
at 11.8 GHz. The blue contour in the lower-left corner represents the SRH beam at half
level. It was 10′′ × 37′′ at that time at 11.8 GHz and inversely proportional to the observ-
ing frequency. The ejecta looks basically the same in the SRH images produced at different

http://cdaw.gsfc.nasa.gov/CME_list/
http://cdaw.gsfc.nasa.gov/CME_list/
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Figure 1 The filament eruption observed by STEREO-A/EUVI in 195 Å (a), by SDO/AIA in 304 Å (b), and
by SRH at 11.8 GHz (c). The blue contour in the lower-left corner of panel c represents the SRH beam at
half level. The cross at about N32 E64 in panels b and c denotes the projected position of the flare site. The
heliographic grid on all panels corresponds to zero longitude as viewed from Earth.

Figure 2 Full-disk image of the
Sun with the erupting filament
observed by SRH at 6.2 GHz
(lower-right part, red black-body
colors) and the CME observed 19
minutes later by LASCO-C2
(upper-left part, blue). The axes
show the distances from the solar
disk center in solar radii.

frequencies. The main differences are determined by the spatial resolution, i.e., the SRH
beam size. Therefore, the spatial structure of the ejecta is better distinguishable at the high-
est available frequency; in addition, it is easier to visually assess the accuracy of tracking the
regions of interest. For these reasons, we show images produced by the SRH at 11.8 GHz.
Despite the considerably poorer spatial resolution compared to AIA, the 11.8 GHz SRH
image reproduces the structural details of the ejecta and its surroundings.

Figure 2 presents an example of a full-disk image of the Sun with an erupting promi-
nence above it produced by SRH at 6.2 GHz combined with a CME image observed by
SOHO/LASCO-C2 19 minutes later. Two circumstances favored SRH observations of this
event. First, the absence of the flare emission due to the far-side location of the flare site
saved the SRH dynamic range to measure the ejecta accurately. Second, as the inset in Fig-
ure 2 shows, the SRH field of view where the ejecta occurred (up to 2.5 R�) did not overlap
at that time with adjacent images, which are inherent for the response of equidistant interfer-
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ometers. Both occultation of the flare site and the absence of overlap with adjacent images
favor measuring the brightness temperatures of the ejecta against the clear sky.

The ejecta is detectable in SRH images up to about 2 R�. Shortly after the appearance
from behind the limb, its near-the-limb portion observed at a height of �0.07 R� around
04:24 was weakly polarized (e.g., 2.5% at 6.2 GHz). The body of the erupting filament did
not show any detectable polarization later on.

2.2. Kinematics of the Eruption and Tracking Its Piece

The initial pre-eruptive filament was small and located behind the limb. The translational
movement of the filament is accompanied by its three-dimensional expansion in all direc-
tions and rotation. In the first, rough approximation, the expansion is self-similar (strictly
speaking, the self-similar approximation does not apply at the impulsive acceleration stage;
see Uralov, Grechnev, and Hudson, 2005). In this approximation, filament pieces expand
radially from the virtual expansion center. The expansion center of a small active-region
filament is generally close to its initial position (flare site), which determines its super-radial
expansion. In the case of a large filament eruption outside of active regions, the expansion
center is shifted from the eruption site to the center of the Sun so that the filament expansion
is closer to radial. In this event, the use of the projected position of the flare site (the cross
in Figures 1b and 1c) as the expansion center provided satisfactory results.

If the kinematics of the erupting filament is known, then its expansion can be compen-
sated for by resizing the field of view of the images, keeping the position and apparent size
of the ejecta fixed. In such images, it is easier to follow the selected moving and expanding
piece accurately. The quality of the measurements is assessed by the visual inspection of a
movie composed from such scaled images, where the structure in question should be static.
The AIA193_304_SRH_eruption.mpg file in the Electronic Supplementary Material presents
this movie.

The initial part of the kinematic plots was measured from STEREO-A/EUVI images and
then continued from SDO/AIA images. We manually fitted the accelerations for the leading
edges of the erupting structures with four Gaussian pulses and adjusted their parameters to
obtain the best fit. The parameters were refined in sequential attempts. The distance–time
measurements from AIA images were coordinated with the images produced by the Large
Angle Spectroscopic Coronagraph (LASCO: Brueckner et al., 1995) onboard the Solar and
Heliospheric Observatory (SOHO: Domingo, Fleck, and Poland, 1995).

Our measurements for the leading edge of the ejecta match the CME front in LASCO-C2
images. However, it is difficult to identify the elements of the CME core with the internal
structure of the erupting filament that considerably changed during the temporal gap be-
tween the AIA and LASCO observations. The results of the measurements are shown in
the two next figures; Figure 3 shows four SDO/AIA 195-Å images of the ejecta that were
resized according to the measured kinematic plots presented in Figure 4.

Figure 3 and the AIA193_304_SRH_eruption.mpg movie in the Electronic Supplementary
Material demonstrate that the ejection had a complex structure, whose expansion was mostly
close to self-similar, but not exactly in detail. The foremost configuration outlined by the
solid arc consisted of several loops, whose apparent southeastern end slowed down relative
to the leading edge. The twisted structure following it, outlined by the dashed arc, appeared
from behind the limb later but expanded more vigorously, bent, and tended to approach
the leading edge. These particularities complicate tracking selected pieces of the erupting
filament and require additional adjustment of the kinematic plots used for this purpose,
including time-dependent direction corrections.

http://link.springer.com/content/esm/art:10.1007/s11207-023-02210-w/file/MediaObjects/11207_2023_2210_MOESM1_ESM.mpg
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Figure 3 Four SDO/AIA 195-Å images of the ejecta with a field of view resized according to the measured
kinematics shown in Figure 4a. The thin-solid arc outlines the leading edge of the whole ejecta. The thin-
dotted arc outlines the leading edge of the twisted structure. The thick-solid arc represents the optical limb.

Figure 4 Kinematics of the
erupting filament measured from
STEREO-A/EUVI and SDO/AIA
images. The solid curves
correspond to the leading edge of
the whole ejecta, and the dotted
curves correspond to its inner
twisted structure.
a) Distance–time plot measured
from the projected position of the
eruption center. The horizontal
dash-dotted line represents the
optical limb. b) Velocity–time
plot. c) Acceleration–time plot.

3. Free-Free Radio Emission and Polytropic Scaling of a Rapidly
Expanding Prominence Plasma

3.1. Assumptions and Restrictions

We assume that the plasma of an erupting prominence conditionally consists of two spatially
noncoinciding components: hot, almost completely ionized, and cold, partially ionized. The
hot component is responsible for the emission of EUV lines during the eruption, while the
cold component is responsible for the commonly observed screening of solar EUV radiation
by a quiet prominence. This separation is motivated by the assumption that the hot com-
ponent, in contrast to the cold one, is penetrated by magnetic-field lines that participate in
magnetic reconnection at the prominence activation and eruption stages.

The absence of a detectable polarization almost all the time of observation and the large
height of the eruption above the photosphere suggest that the magnetic field was weak and
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rule out in the microwave range both gyromagnetic emission of thermal or non-thermal
electrons and plasma emission because of the low plasma density. Only the emission mech-
anism of thermal electrons in collisions with ions and neutral atoms remains. The corre-
sponding absorption coefficients depend on the plasma parameters, μei ∝ neniT

−3/2 and
μen ∝ nennT

1/2, where T is the plasma temperature, and ne, ni, and nn are the number den-
sities of electrons, ions, and neutrals, respectively (e.g., Zheleznyakov, 1970, 1996; Louk-
itcheva et al., 2004; Heinzel et al., 2015). In the case of hydrogen plasma, ne = ni, the ratio
of absorption coefficients is determined by temperature and the degree of hydrogen ioniza-
tion and is numerically μei/μen ≈ 102T −2ne/nn. In turn, the degree of ionization depends in
a complex way on temperature, pressure, and the location of the plasma element in the solar
atmosphere. In stationary models of the solar chromosphere, the ne/nn ratio is calculated
under the assumption of non-local thermodynamic equilibrium (non-LTE).

Such an equilibrium occurs as a balance between photoionization, radiative recombina-
tion, and collisional recombination/ionization. Therefore, a change in the temperature and
density of the cold-component plasma during the expansion of the erupting prominence
should, it would seem, lead to a change in the degree of hydrogen ionization. The expansion
of hydrogen plasma can no longer be strictly polytropic in the range of temperatures and
densities, where changes in the degree of ionization are significant. This would also lead to
a complication in the theoretical estimation of the optical thickness. This would occur in a
slow, quasi-stationary expansion of the erupting plasma, when the relaxation time for ion-
ization equilibrium or the ionization/recombination timescale [�tioniz] is much shorter than
the characteristic expansion time or dynamical timescale [�texp] = ne/|dne/dt | = r/3u (this
follows from the dependence ne ∝ r−3). Here, u = dr/dt is the velocity of the plasma piece
of the erupting structure, and r is its distance from the eruption center. In the self-similar
expansion, u ∝ r and therefore �texp is the same in all elements of the eruption at each
moment of time. In the situation under discussion, expansion is proceeding rapidly. In the
distance range r = (0.2 – 0.5) R�, �texp is about 75 s. A similar value is easily found from
Figure 4. For example, when the speed of the leading edge of the whole ejecta and its inner
twisted structure was 1000 km s−1, their distance to the expansion center was r = 0.3 R�.
These values correspond to τexp = 70 s. It is worth noting that during the interval of sharp
acceleration we are discussing, the indicated value of τexp changes little, since within this in-
terval approximately u ∝ r (see Figure 4). However, after completing the acceleration stage
and entering the expansion regime at a constant speed, the expansion time grows, τexp ∝ r .

On the other hand, it is possible to estimate the actual value for �tioniz in our event using
the plasma parameters found in Section 3.3. For the pressure of the cold plasma component
p ≈ 10−3 dyne cm−2 and at temperature T ≈ 104 K, we find from Figure 6 in Chae (2021)
that �tioniz well exceeded 130 s (see also Carlsson and Stein, 2002).

The main contribution to microwaves in our brightness temperature measurements comes
from the cold component of the erupting-prominence plasma. At the beginning of the erup-
tion, this component is similar to the chromospheric plasma and contains the bulk of the
prominence mass. As the analysis of the millimeter-wave radio emission from quiescent
prominences and the quiet chromosphere above the temperature minimum shows, the radio-
opacity is dominated by electron-proton collisions, μei � μen (e.g., White, Loukitcheva,
and Solanki, 2006; Heinzel et al., 2015, 2022; Rodger and Labrosse, 2017). The above
condition �texp < �tioniz (or even �texp � �tioniz) indicates that the degree of hydrogen
ionization with a rapid decrease in temperature and density of dynamic plasma lags consid-
erably behind the ionization degree, which would correspond to the ionization equilibrium
of static plasma at the same values of temperature and density and photoionizing radiation
field. Bearing in mind this factor of ionization inertia and the fact that the interval of our
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microwave measurements (about 04:24 – 04:30 in Figure 4) does not exceed much, if not
commensurate with the value of �tioniz, when estimating the polytropic index, we assume
that the ne/nn ratio does not change. An indirect indication of the validity of such an as-
sumption will be found in the analysis of experimental data in Section 3.3.

Grechnev et al. (2019) studied the high-temperature component of the erupting-
prominence plasma in an event very similar to the event in question. The contribution of the
hot component to the microwave emission is negligible, since the brightness temperature
of the optically thin plasma is low and decreases with increasing kinetic temperature. Note
the circumstances of the event studied by Grechnev et al. (2019) that are probably related
to our event. The temperature of the hot component increased as the erupting prominence
rose to ≈0.2 R�. The hot erupting structures were heated up to ≈10 MK, presumably by
accelerated electrons injected from the reconnection site. The rapid heating and expansion
of that ejection led to the onset of the freeze-in process for the Fe-ion charge state at the
early stage of expansion of the erupting prominence. In that case, the ionization state of the
lower-temperature Fe8+ – Fe14+ ions became frozen-in at distances �2 R�, while that of the
higher-temperature Fe15+ – Fe23+ ions froze-in earlier, within 2 R�. In this regard, it seems
possible that during the impulsive acceleration stage of the cold plasma component, the
degree of hydrogen ionization in our event also tends to freeze-in, since the ionization/re-
combination timescale for hydrogen is longer than the dynamical timescale. However, this
trend does not mean that the ionization freeze-in conditions have actually been achieved.
Empirical modeling of the charge-state evolution of different elements of cold and hot
plasma components of an eruptive prominence predicts that the ionization states of some
ions are still not in the freeze-in state even at large distances, and freezing conditions are
more easily achieved for ions of the hot component of the ejected plasma (see, e.g., Rivera
et al., 2019 and references therein).

3.2. Expected Brightness-Temperature Variations in an Expanding Ejecta

In the case of thermal free-free emission of electrons in collisions with protons, the bright-
ness temperature [Tb] of an erupting plasma piece with a geometric thickness [l], a uniform
distribution of kinetic temperature T , and electron number density ne is estimated as fol-
lows:

Tb = (1 − e−τ )T ; τ = Aff
n2

eλ
2

T 3/2
l. (1)

Here, τ is the optical thickness calculated in the approximation corresponding to our situ-
ation when the observing frequency [ν] far exceeds the plasma frequency; Aff is a dimen-
sional coefficient, which is a constant in our consideration; λ = c/ν is a wavelength, and c is
the speed of light. The value of Tb calculated from Equation 1 does not necessarily coincide
with T obs

b measured in the experiment. The reasons may be the “raggedness” of the ejecta
and the size of the beam pattern of the radioheliograph, expressed in steradians, �beam ∝ λ2.
With a size [�] of the feature in question, its observed and real brightness temperatures are
related as T obs

b (� + �beam) = Tb�. This equality means that the radiation flux is preserved
when convolving the Gaussian intensity distribution in a source with a beam pattern that is
also approximated by a Gaussian function. The value of � rapidly increases as the eruption
expands away from the limb. In the present study, the value of �beam is appreciably less than
� in the measurement region far enough from the limb. Therefore, we will not distinguish
between T obs

b and Tb for now.
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To calculate Tb, it is necessary to set the patterns of change in the quantities that deter-
mine, according to Equation 1, the optical thickness τ of a plasma piece, whose volume [V ]
changes. We postulate the conservation of the total number of particles N = (ne +ni +nn)V

and their ratios in this volume. Together with the polytropic expansion law, this leads to the
dependence

ne = ne0(V0/V ), p = p0(V0/V )α, T = T0(V0/V )α−1, p = NkT/V. (2)

Here, k is the Boltzmann constant, and subscript “0” marks the values of quantities corre-
sponding to the measured part of the ejecta when it is located at a distance of r0 from the
expansion center. These quantities are its size l0 along the line of sight, volume V0, as well
as pressure, temperature, and plasma density. The specific value of the distance r0 and the
values of the quantities with subscript “0” do not matter since they fall out of consideration
when obtaining the main results of our study. From Equation 2, it follows the pattern of
optical–thickness variation:

τ = τ0(V0/V )2− 3
2 (α−1)(l/ l0), τ0 = Aff

n2
e0λ

2

T
3/2

0

l0. (3)

In the self-similar approximation (see, e.g., Sedov, 1977; Low, 1982; Uralov, Grechnev, and
Hudson, 2005), we have

V0/V = (r0/r)3, l/ l0 = r/r0. (4)

In this case, the optical thickness (Equation 3) and kinetic temperature (Equation 2) of the
selected eruption piece change with distance as follows:

τ = τ0(r0/r)(19−9α)/2, T = T0(r0/r)3α−3. (5)

Substituting Equation 5 into Equation 1 gives the dependence of the brightness temper-
ature of radiation from a plasma piece on its distance from the expansion center, Tb(ν, r).
The plot of this dependence consists of two branches, which are power-law functions cor-
responding to the optically thick (τ � 1) and optically thin (τ � 1) limits of the emission
source. In each of these cases,

Tb = T = T0(r0/r)3α−3 ≡ T0(r/r0)
−δ1 , τ � 1; (6)

Tb = τT = τ0T0(r0/r)(13−3α)/2 ≡ τ0T0(r/r0)
−δ2 , τ � 1. (7)

In log–log coordinates (logTb, log r), the Tb(ν, r) dependence generally looks like a
curve with a break in the vicinity of the intersection at τ ≈ 1 of two straight lines that are
tangent to this curve at small and large values of r . The tangents correspond to the power-
law functions represented by Equation 6 and Equation 7. Their exponents, δ1 and δ2, and the
polytropic index α are related to each other in the following manner:

δ1 = 10 − 2δ2, (8)

α = 1 + δ1/3 = (13 − 2δ2)/3. (9)

Note that the relation between Tb and the true value of the radiating-plasma temperature
T is affected by the filling factor in the plane of the sky [F ]. This factor is determined by the
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ratio of the true angular area of small structural radiating elements of an eruptive prominence
inside the interferometer beam pattern to the area of the pattern itself. The higher the angular
resolution, the closer to unity the value of F can be. It is easy to take formal account of the
filling factor by replacing T → T F in Equation 1, but the value of F itself is unknown. EUV
images indicate that F must be taken into account if one wants to estimate the true value of
the average plasma temperature from Equation 1. Under the assumption of self-similarity,
the filling factor F does not change with expansion as long as the fine structures are still
much smaller than the beam pattern, which seems to be the case in our observations. When
estimating the polytropic index, this factor can be ignored since it falls out of consideration.
Therefore, it is sufficient to find the dependence of T obs

b (r) for an element of the erupting
prominence on the distance r .

Another methodological remark concerns the pattern of the plasma-density variation in
the expanding prominence. It follows from Equations 2 and 4 that ne ∝ r−3. This circum-
stance indicates the difference in the patterns of the plasma-density variation with distance
in the stationary solar wind and a nonstationary CME. For example, the solar-wind flow at a
constant speed corresponds to the pattern ne ∝ r−2. Because of this, the expansion of a CME
into the solar wind is accompanied by the formation of a low-density magnetic cloud. The
pattern of the plasma-density variation ne ∝ r−3 during the CME formation is a consequence
of the conservation of the shape and mass of the rising prominence. The mass conservation
is determined both by the freezing of the magnetic field into the CME plasma and the im-
possibility of the plasma flowing along magnetic-filed lines back into the chromosphere due
to the action of gravity (draining effect) because the acceleration of the ejection itself is an
order of magnitude higher than the gravity acceleration in the observation interval we are
discussing.

3.3. Experimental Polytropic Index

To find regions where heating was possible, we examined different parts of the ejecta. We
refined tracking of selected structural features on high-resolution AIA 195-Å images and
computed average brightness temperatures from background-subtracted SRH images within
the regions comprising these features.

Figure 5 presents four pairs of SRH images obtained at 11.8 GHz (top) and nearly simul-
taneous SDO/AIA 195-Å images (bottom). In each SRH image, the pre-event background
image was subtracted. To reveal the ejecta at large distances, we divided each AIA image
by a radial filter computed as the azimuthally-averaged result of the circular scanning with a
progressively increasing radius. The average brightness temperatures were computed within
two selected regions. These were region 1 outlined with the solid contour and region 2 out-
lined with the broken contour. The contours acceptably hold both regions, although their
location relative to each other conspicuously changed as the ejecta expanded.

The measurements were made using different image sets that SRH produced at different
frequencies. We used “dirty” images synthesized at two frequencies of 5.8 and 6.2 GHz that
were averaged to enhance the sensitivity. The equivalent reference frequency is 6.0 GHz.
We also used “clean” images at 11.8 GHz. Figure 6 presents the results of the measurements
made at the two frequencies of 6.0 and 11.8 GHz.

At short distances (r � 0.3 R�), the two regions are not reliably separated. On the other
hand, the SRH sensitivity of about 103 K puts a limit on measurements at relatively long
distances. The measurements at moderate distances fall well on the broken double power-
law pattern. However, there are imaging issues; for example, the outlier (triangle at r ≈
0.43 R� in Figure 6b) was caused by the overlap of region 2 with a residual side lobe from
an adjacent negative interference maximum. We ignored this outlier.
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Figure 5 Four SRH 11.8 GHz images (top) and nearly simultaneous SDO/AIA 195-Å images (bottom) of
the ejecta with a field of view scaled to compensate for its expansion. The contours outline region 1 (solid)
and region 2 (broken), where the average brightness temperatures were measured in the SRH images. The
distances between the expansion center and the centers of regions 1 and 2 are indicated in the lower-right
corners of the SRH images. The thick-solid arc represents the optical limb.

Figure 6 Brightness temperature
vs. distance distributions
measured from SRH images at
two frequencies of 6.0 GHz (a)
and 11.8 GHz (b) for region 1
(crosses) and region 2 (triangles).
The solid and dashed lines
represent their fitting with a
broken double power-law.
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As an example, we consider the Tb(ν, r) plot for region 1 at 6.0 GHz (Figure 6a). Its
optically thick part corresponding to small distances r exhibits δ1 = 1.36 ± 0.03, and the
optically thin part to the right from the break exhibits δ2 = 4.28 ± 0.17. There is fair corre-
spondence (in terms of standard deviations) between δ1 and δ2 through Equation 8. The value
δ1 = 1.36, measured with the smallest relative deviation, should correspond to δ2 = 4.32
within the confidence interval of measurements. A similar correspondence between δ1 and
δ2 is maintained in all of the four Tb(ν, r) plots in Figure 6. These correspondences can be
interpreted as an indirect confirmation of the assumption about the constancy of the ratios
between the numbers of electrons, ions, and neutrals in a rapidly expanding ejected plasma.

The values of δ1 measured at the two frequencies for region 1 have the smallest relative
deviations. Substituting their average value into Equation 9 gives the polytropic index α ≈
1.45. (The measurements for region 2 have a larger scatter. Here δ2 have the smaller relative
deviations, giving a close value of α ≈ 1.42.) The question arises as to what the value of
α ≈ 1.45 means. This issue is addressed in the next section.

Here, we note the following circumstances. The break in the Tb(ν, r) plots in Figure 6
corresponds to τ ≈ 1 and, according to Equation 1, to Tb ≈ 0.63T . This fact could be used to
directly estimate the temperature of the cold plasma component of the erupting prominence
at this moment without questionable assumptions about its dimensions and electron density.
However, the need to take into account the unknown filling factor F reduces the importance
of such a diagnostic tool. The observed Tb(ν, r) plots can be converted into true brightness
temperatures of fine-structure elements of the prominence by multiplying Tb(ν, r) by F−1.
Therefore, the brightness temperatures at the breakpoints of the Tb(ν, r) plots in Figure 6 of
2 × 103 K ≤ Tb(ν) ≤ 4 × 103 K and, accordingly, the plasma temperatures of 3.2 × 103 K ≤
T ≤ 6.3 × 103 K, represent the lower limit of the true values. The break condition, τ ≈ 1,
for regions 1 and 2 in Figure 5 is satisfied at distances r ≈ 0.5 R� from the expansion center,
i.e. at heights exceeding ≈0.5 R� above the solar surface.

Let us estimate the column emission measure EM using Equation 1 for τ . For tempera-

tures T < 3×105 K, the Aff factor is Aff ≈ 2×10−23 ln
(

104T 2/3n
−1/3
e

)
(e.g., Zheleznyakov,

1970). The logarithmic factor here is the Coulomb logarithm, which is about 10 for
T ≈ 104 K and a reasonable range of ne ≈ (108 – 109) cm−3. The Coulomb logarithm does
not depend on the emission frequency ν and is determined by the plasma frequency and
thermal electron velocity. In a more refined high-frequency representation of the Aff factor,
instead of the Coulomb logarithm, the Gaunt factor is used (see Ginzburg, 1970; Dulk, 1985;
Huba, 2004). The Gaunt factor does not depend on the plasma frequency but depends on the
emission frequency ν and plasma temperature T . It is important that in both cases, the values
of the Aff factor are close in magnitude, showing a weak logarithmic dependence on plasma
parameters that change with expansion, namely temperature and density. We neglected this
weak dependence in Equation 3 as insignificant within the accuracy of our measurements of
the pattern of optical-thickness variation of the event in question.

From the condition τ ≈ 1 at our frequencies of about 10 GHz, we find EM = n2
e l ≈

2×1026 cm−5 with a characteristic dimension of the erupting prominence in Figure 5g of l ≈
100′′. Hence ne ≈ 2 × 108 cm−3 and plasma pressure is p ≈ 2nekT ≈ 6 × 10−4 dyne cm−2.

4. Discussion

4.1. Amount of Heat Released in Expansion of the Erupting Plasma

If the polytropic index α is equal to the adiabatic index γ = 5/3, then when the plasma
expands from volume V0 to volume V , the total heat inflow or outflow [Q] is equal to zero.
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If α < γ (or, vice versa, α > γ ), then according to Equation 2, the plasma temperature
decreases with expansion slower (or faster) than in the case of adiabatic expansion. This
means heat inflow from the outside, Q > 0 (or heat outflow, Q < 0). In compression, the
situation is reversed in both cases. Let us now evaluate what has been said.

In the adiabatic expansion of the plasma volume, its internal energy [ε] is spent on per-
forming work [w] against external forces, �ε − w = 0. Violation of this relation obeys the
first law of thermodynamics for the amount of heat Q transferred to the plasma volume:

Q = �ε − w. (10)

For the polytropic expansion, pV α = p0V
α

0 = b with b being a constant, we obtain from
Equation 2:

w = −
∫ V

V0

pdV = b

α − 1

(
V 1−α − V 1−α

0

) ; (11)

�ε = NCv(T − T0) = bCv

k

(
V 1−α − V 1−α

0

)
. (12)

As a result, the amount of heat released during the polytropic change in the plasma volume
from V0 to V is given by the expression

Q = b

(
Cv

k
− 1

α − 1

)(
1

V α−1
− 1

V α−1
0

)
. (13)

Here, Cv is the heat capacity at constant volume, pertaining to all degrees of freedom of one
particle of the heated plasma. Neglecting the contribution of molecules with more than three
degrees of freedom, we further assume Cv = 3k/2. It is convenient to rewrite Equation 13
for one plasma particle, ion or electron:

q = Q/N = kT0

(
3

2
− 1

α − 1

)((
V0

V

)α−1

− 1

)
. (14)

The maximum inflow or outflow of thermal energy per particle of plasma expanding to
infinity is equal to

q∞ = lim
V →∞

q = kT0

(
1

α − 1
− 3

2

)
for α > 1; (15)

q∞ = ∞ for α ≤ 1.

It follows from Equations 15 and 9 that the heating of the expanding plasma, q∞ > 0, cor-
responds to the values α < γ = 5/3 and, accordingly, δ1 < 2 and δ2 > 4. Cooling, q∞ < 0,
corresponds to the values α > γ ; δ1 > 2, and δ2 < 4. Under adiabatic expansion q∞ = q = 0,
α = γ , δ1 = 2, and δ2 = 4.

The polytropic index α = 1.45 found in Section 3.3 corresponds to q∞ = 0.72kT0 > 0.
This means that a piece of an eruptive filament, when moving to infinity from the position
r0, will receive approximately half of the thermal energy ε = 3NkT0/2, which it had at a
distance r0 from the expansion center. This conclusion is entirely due to the assumption
that the polytropic index of the expanding plasma is constant. As shown in Section 3.3,
this assumption holds in the altitude range of our measurements. Using this circumstance,
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one can get a notion of the evolution of the heating rate dq/dt in the plasma of an eruptive
filament using the similarity relation described by Equation 4:

dq/dt = HkT0
u

r0

( r0

r

)3α−2
, H = 3

(
1 − Cv

k
(α − 1)

)
, u = dr

dt
, (16)

where u is the velocity, and H is the heating coefficient; H = 0 when the polytropic index
α is equal to the adiabatic index γ = (i + 2)/i; i is the number of degrees of freedom, and
Cv = ik/2.

With α = 1.45, it follows that:

dq/dt ≈ kT0
u

r0

( r0

r

)2.35
. (17)

In the limiting case of an instantaneous increase in velocity to u0, the maximum value
of dq/dt is reached at the onset of motion, (dq/dt)max ≈ kT0(u0/r0), and then it decreases
as (r/r0)

−2.35. The main heating of the cold plasma component in the eruptive prominence
occurs at the initial stage of its expansion. A similar conclusion, necessary to account for
the EUV emission lines, was obtained for the hot component of an eruptive prominence
(e.g., Lee et al., 2017). Note that the heating can occur not only due to the imbalance of
the heating and cooling rates in the plasma. An important factor in the violation of the heat
balance may be the destruction of the plasma circulation that existed before the eruption
along the magnetic threads that constituted the prominence.

The above example of an instantaneous increase in velocity to u0 is a useful idealiza-
tion. Our measurements in Figures 5 and 6 correspond to the temporal interval within the
acceleration pulse in Figure 4. The first approximation that takes this circumstance into ac-
count is the assumption that each plasma element inside the expanding ejecta moves with
its own constant acceleration [a] (recall that the condition for the self-similar expansion is
a linear spatial profile of both the velocity and acceleration of the plasma inside the ejecta,
a ∝ u ∝ r). Substituting u = at into Equation 16, we find

dq/dt = HkT0

√
2a(r − r0)

r0

( r0

r

)3α−2
. (18)

The greater the acceleration, the higher the heating rate. For (r − r0) � r0, the heating
rate increases with the expansion, dq/dt ∝ √

a(r − r0), and reaches its maximum value at
r∗ = βr0, where β = [1 − 0.5/(3α − 2)]−1. For α = 1.45, we get β = 1.27. For r � r∗, the
heating rate for accelerating expansion decreases slightly more slowly with distance than for
a constant-speed expansion (Equation 17):

dq/dt = HkT0

√
2a

r0

( r0

r

)3α−2.5 ∝
( r0

r

)1.85
. (19)

In a real situation, the acceleration phase has an impulsive character, and there is a tran-
sition from the pattern described by Equation 18 to the pattern described by Equation 16.
Herewith, the gage r0 in Equation 16 should be replaced by the distance from which the
expansion continues at a constant rate.

A necessary condition for the validity of Equations 16 and 18 is the constancy of the
polytropic index of the expanding plasma. This option is not contradicted by the results of
Section 3.3 that demonstrate the required correspondence between δ1 and δ2 in the interval
of our measurements. The power-law dependency in Equation 19 will be used further to
figure out the plasma-heating mechanism in a rapidly expanding prominence.
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4.2. Preferred Heating Mechanism

In the stationary state, the temperature of the cold component of the prominence magneto-
plasma is determined by the balance of a number of factors. These include radiative cooling,
ohmic heating, turbulence and wave dissipation, the divergence of conductive flux, possible
presence of a fraction of energetic particles and hot plasma outflow generated in places of
quasi-stationary magnetic reconnection, as well as quasi-stationary plasma flows not related
to reconnection, along magnetic-field lines rooted to the solar surface. This entanglement
makes it difficult to understand what is the main source of heating of the prominence plasma
and, possibly, the plasma of the solar corona.

The situation changes crucially in the event of an eruption. The relationship between
these factors changes dramatically and a new, very significant factor appears, which is adia-
batic cooling.

In our case, this factor dominates. The combined effect of adiabatic cooling and other
heating sources determines the pattern of the temperature T decrease and, accordingly, the
polytropic index α of the expanding plasma. Let us try to understand what could be the
main source of plasma heating in the interval of our measurements when the acceleration
and rapid expansion of the ejection occurred.

To shorten the set of possible options, we recall that we are talking about the cold com-
ponent of the ejected plasma, which makes the main contribution to its microwave image.
As stated in Section 3.1, the behavior of the hot component during the acceleration stage is
the opposite, i.e., heating dominates over adiabatic cooling. At high temperatures, the role of
thermal conductivity sharply increases, and the significance of ohmic heating decreases. The
collisional heating by flare-accelerated electrons is the most probable reason for heating the
expanding plasma to about 10 MK (Lin et al., 2002; Glesener et al., 2013; Grechnev et al.,
2019). For the cold component of the ejected plasma, whose temperature only decreases
with expansion, we exclude from consideration the presence of accelerated electrons as a
heating factor. The influence of factors that maintain the heat balance due to the circulation
of plasma flows that existed before the eruption should also be excluded from consideration
because this circulation is destroyed.

The choice of suitable heating factors is possible due to the non-stationarity of the ejec-
tion phenomenon itself. The polytropic character of the change in the parameters of the
expanding plasma makes it possible i) to estimate the rate at which the efficiency of each of
the possible heating or cooling factors decreases as it expands and ii) to evaluate the possible
polytropic indices under the assumption of the dominance of one of the heating factors and
compare with the experimentally found. We will use procedures i) and ii) without specula-
tive numerical estimates of the dissipative transport coefficients (see, e.g., Huba, 2004) and
gradients of the corresponding quantities.

4.2.1. Ohmic Heating

Electric current is the main condition for the eruption of a prominence. The presence of
current is also clearly indicated by the helical structure in Figure 1b. Ohmic heating is caused
by collisions of electrons with ions (e-i) and with neutrals (e-n).

The heating rate per particle due to (e-i)-collisions is

(dq/dt)e−i ∝ j 2/(neσe−i) ∝ (∇ × B)2/(neT
3/2) ∝ (B/r)2/(r−3r−4.5(α−1)) ∝ r4.5α−7.5.

(20)
Here, j is the electric current density, and σe−i ∝ T 3/2 is the electrical conductivity (e.g.,
Braginskii, 1965), and it is taken into account that in magnetohydrodynamics j ∝ (∇×B) ∝
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(B/l). The magnetic field frozen into the expanding plasma changes during expansion as
B ∝ ne

2/3 ∝ r−2. Here, Equations 2 and 4 are used for ne and T and the characteristic
size of l. If we equate the power-law dependencies (dq/dt)e−i in Equation 20 and dq/dt

in Equation 19, then from the equality of the exponents, 4.5α − 7.5 = −3α + 2.5, we find
αe−i = 4/3. The polytropic index would have such a value if i) heating was provided only by
ohmic losses due to (e-i)-collisions; ii) the accelerated expansion of the erupting prominence
remained self-similar. Note that the comparison of the exponents gives the pattern of dq/dt

only in absolute value and does not tell about its sign. For such a comparison to be valid, the
condition dq/dt > 0 must be satisfied, since (dq/dt)e−i > 0 by definition of ohmic heating.
This condition is satisfied because the heating coefficient in Equation 16 H > 0 at α = 4/3
that determines the sign of dq/dt .

The value αe−i ≈ 1.33 is reasonably close to the observed value α ≈ 1.45. The estima-
tion error for α from Equation 9 is comparable to the largest measurement error for δ1 and
δ2 (Section 3.3), being about ±0.17(2/3) = ±0.11. None of the heating mechanisms dis-
cussed below shows such closeness. Finally, substituting the measured value α = 1.45 into
Equation 20 shows that the (e-i)-heating rate decreases with expansion as

(dq/dt)obs
e−i ∝ r−0.975. (21)

Further, we will see that (e-i)-ohmic heating of an expanding magnetoplasma retains its
efficiency much longer than other heating mechanisms.

The heating rate per particle due to (e-n)-collisions is

(dq/dt)e−n ∝ j 2/(neσe−n) ∝ (∇ × B)2T 1/2/ne ∝ (B/r)2r−3(α−1)/2/r−3 ∝ r−3(α+1)/2. (22)

Here, the electrical conductivity is σe−n ∝ (ne/nn)T
−1/2 ∝ T −1/2 under the assumption that

the ratio (ne/nn) does not change. A significant difference from the previous situation is the
increase in electrical conductivity with expansion. Having done the same procedures with
Equation 22 as in the previous part of this section, we find αe−n = 8/3 ≈ 2.67 and

(dq/dt)obs
e−n ∝ r−3.675. (23)

The value αe−n > γ = 5/3 means the outflow of heat, dq/dt < 0, when, by definition
of ohmic losses, there is heat inflow, (dq/dt)e−n > 0. This contradiction may mean that,
without involving additional and more significant cooling factors, it is impossible to recon-
cile two processes, adiabatic cooling and ohmic heating due to (e-n)-collisions, by a single
polytropic law. The polytropic fit of the observational data that we use seems to be quite
satisfactory. This is an indirect indication that the factor (dq/dt)e−n is not dominant. The
result of this section is also Equation 23 showing a very rapid decrease with expansion in
the (e-n)-heating rate, if such heating was significant at all.

4.2.2. Thermal Conduction

In this case, the inflow or outflow of thermal energy per particle is

(dq/dt)TC ∝ ∇ · (κ∇T )/ne ∝ T 7/2r−2n−1
e ∝ r−10.5α+11.5, (24)

where κ ∝ T 5/2 is the sum of the electronic and ionic thermal conductivities. Comparison
of the power-law dependencies (dq/dt)TC in Equation 24 and dq/dt in Equation 19 results
in −10.5α + 11.5 = −3α + 2.5; hence αTC = 1.2 and the heating coefficient H > 0, which
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corresponds to the heat inflow. This means that thermal conductivity could compete for the
role of the dominant heating source. However, the difference of αTC from the measured
value α ≈ 1.45 noticeably exceeds the corresponding deviation of αe−i, and the thermal-
conduction heating rate decreases with expansion as

(dq/dt)obs
TC ∝ r−3.725, (25)

which is considerably faster than for (dq/dt)obs
e−i.

4.2.3. Radiative Cooling

In this case, the loss of thermal energy per one plasma particle is

(dq/dt)rad ∝ nenpL
cool(T )/ne ∝ r−3Lcool(T ), (26)

where np is the proton number density, and Lcool(T ) is the radiative-loss function of the solar
plasma, which decreases very sharply at T < 16 × 103 K (e.g. Schure et al., 2009). At the
discussed temperatures T < 105 K decreasing with plasma expansion, the Lcool(T ) could
be considered to decrease with distance, so that (dq/dt)rad decreases faster than r−3. The
quantity (dq/dt)rad could formally depend on the polytropic index α via the temperature
T , which is represented by the radiative-loss function. However, Lcool(T ) is not a simple
power-law function, and one cannot speak of a polytropic expansion of the plasma with
inconsistent factors of adiabatic and radiative cooling.

4.2.4. Turbulence and Wave Dissipation

With a sharply non-stationary expansion of the magnetoplasma of an erupting prominence
with supersonic and, probably, super-Alfvénic speed, the idea of the periodicity of wave
motions inside it loses its validity. Considering only an estimate of the dissipation rate,
we will consider possible wave motions inside the expanding volume as an addition to the
existing turbulent pulsations, if any.

The dissipation of energy (erg g−1 s−1) of turbulent motion per 1 gram of magnetoplasma
is estimated as in hydrodynamics (Landau and Lifshitz, 1987):

(dQ′/dt)T ≈ ηT(∇uT)2 ≈ (lTuT)u2
T/l2

T ≈ u3
T/lT ∝ (dq/dt)T. (27)

Here, uT is the characteristic turbulent velocity, and lT is its characteristic spatial size. Over-
line means averaging; ηT ≈ lTuT is turbulent viscosity, analogous to kinematic viscosity;
(dq/dt)T = (dQ′/dt)T/N ′ with N ′ the number of particles in 1 gram of plasma.

It is necessary to determine the pattern of uT change during expansion. To do this, we
use a relation similar to Equation 10:

dQT = dεT − dwT. (28)

Here, dwT = −PTdV is the work of the turbulence pressure forces PT ≈ ρu2
T. The total

energy [εT] of turbulent pulsations in volume V is defined as εT ≈ ρV u2
T = Mu2

T, M is the
plasma mass in the volume V that does not change during expansion, d(ρV ) = 0. The energy
density ρu2

T is equal to the sum of the kinetic and potential energies and is a consequence of
the well-known circumstance; the average kinetic and potential (including electromagnetic)
energies of a system that performs small oscillations are equal to each other. Assuming
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further that turbulent heating is negligible compared to adiabatic cooling, we put dQT = 0
in Equation 28 as a first approximation:

dεT − dwT ≈ (Vρ)du2
T + ρu2

TdV = 0. (29)

Hence u2
T ∝ V −1 ∝ r−3 or uT ∝ r−3/2. Substituting this dependency into Equation 27, we

find (dQ/dt)T of the second approximation and the dependency we need

(dq/dt)T ∝ u3
T/lT ∝ r−5.5, lT ∝ r. (30)

Equations 27 and 30 are obtained from dimensional considerations using characteristic,
non-dissipative scales uT and lT and do not depend on specific values of the classical dissipa-
tive coefficients of viscosity, thermal conductivity, or electrical conductivity. Nevertheless,
they show the correct result. The turbulence of characteristic scales determines the flow of
energy into the region of small-scale pulsations, where their energy is converted into heat.

The results of this section are as follows:

i) The considered mechanisms of heating or cooling of the erupting magnetoplasma lose
their efficiency during expansion much faster than the ohmic dissipation due to electron-
proton collisions. To verify this, it is sufficient to compare Equations 23, 25, 26, and 30
with Equation 21.

ii) The theoretical polytropic index αe−i, corresponding to the predominance of ohmic dissi-
pation due to electron-proton collisions, is closest to the experimentally measured value
α. The fact that αe−i < α means that in addition to this, the main heating factor, there are
less important heating factors.

5. Summary and Concluding Remarks

Our measurements and analysis show that during the eruption, the prominence continues
to heat up and receives the amount of heat (Equations 14, 15) comparable to its thermal
energy at the beginning of the impulsive-acceleration stage. The preferred source of heat is
the ohmic dissipation of electric currents, which are simultaneously the main driver of the
magnetohydrodynamic instability of the entire eruptive configuration. The use of microwave
emission to determine the polytropic index of an expanding thermal plasma in our case
indicates that the conclusions about the dominant heating source apply to a relatively cold
component with temperatures below coronal.

On the other hand, the conclusions of Glesener et al. (2013) and Grechnev et al. (2016,
2019) about the heating of erupting filaments refer mainly to the appearance and evolution
of a hot component with coronal and higher temperatures. In that case, the analysis of obser-
vations based on the inversion of the differential emission measure (DEM) from SDO/AIA
images (Glesener et al., 2013) supplemented their analysis by imaging spectroscopy based
on the X-ray data provided by the Reuven Ramaty High-Energy Solar Spectroscopic Imager
(RHESSI: Lin et al., 2002). The most probable dominant mechanism capable of rapidly
heating the filament plasma to high temperatures is collisional heating by flare-accelerated
electrons that are injected from the acceleration site predominantly into the envelope of the
flux rope, whose formation from a pre-eruptive filament starts in the course of an eruptive
flare.

Here, we used an independent different method that was based on microwave imaging
observations. A necessary step in each method is to measure the kinematics of the erupting
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structure. Because of the high speed, its displacements in different AIA channels that are
used for the DEM inversion can be large enough to distort the results and should be com-
pensated for. On the other hand, accurate tracking of a feature in question in microwave
images is important. This task is complicated by the fact that the hotter portions of the fila-
ment fade away in microwave images faster than the cooler parts. In addition, the dynamic
range of microwave images produced by a radio interferometer is considerably poorer than
that of AIA. This is why we referred to AIA images when tracking the portions of the erupt-
ing filament to be measured in SRH images.

Despite the difference in the methods, all studies point to the heating of filaments during
their expansion in flare-associated eruptions. The difference between the dominant mecha-
nisms for the continued heating of the cold and hot plasma components in the prominence
at the stage of its accelerated expansion is most likely due to their location on different
magnetic-field lines and the presence or absence of a magnetic connection with the electron
acceleration sites.
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10.1007/s11207-023-02210-w.
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