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Abstract. Analysis of GOES data for the SOL2012-
06-29T04:09 flare, class C4.6, shows a thermal charac-
ter of the energy release for several minutes before the
impulsive stage. Plasma heating to temperatures above
10 MK leads to the appearance of plasma jets along
open field lines and in large loops. This work examines
the relationship between the heated plasma and the flare
structure and its dynamics, using observations in the X-
ray, extreme ultraviolet (EUV), and radio-wave ranges.

Particular attention is drawn to the detection of nar-
row-band fine temporal structures of radio emission
before and after the impulsive stage of the flare in dy-
namic spectra. In the initial stage, broadband pulses in
the decimeter range are observed which can be associat-
ed with the formation of thermal fronts in the jets. A

series of super-bright drifting bursts in the centimeter
range occurs after the end of the impulsive energy release
in the flare core. Using data from the Siberian Solar Ra-
dio Telescope (5.7 GHz), we managed to localize the
position of the source of the fine structure of drifting
bursts at the remote footpoint of the large-scale flare loop.

Keywords: Sun, fine temporal structure, heating
mechanisms, microwave bursts, coherent emission, ther-
mal front, Neupert effect.

INTRODUCTION

It is well known that activity in the flare region in
many cases manifests itself long before impulsive
energy release in the main phase although it is not
discussed in the widely accepted flare scenario —
CSHKP [Carmichael, 1964; Sturrock, 1966; Hirayama,
1974; Kopp, Pneuman, 1976]. In the CSHKP model,
there is a sudden release of magnetic energy in the
corona due to magnetic reconnection, and a signifi-
cant part of the energy is converted into kinetic ener-
gy of plasma and high-energy particles propagating
along magnetic field lines. Electrons bombard the
sufficiently dense chromosphere and transition zone,
generating bremsstrahlung, which is observed in hard
X-rays (HXR). As a result of this so-called chromo-
spheric evaporation, plasma heats up, rises, and fills
the loop, and we see soft X-rays (SXR) of hot plas-
ma, generally at the top of the flare loop.

The Neupert effect [Neupert, 1968], to which corre-
sponds the CSHKP flare model, explains the relation-
ship between soft and hard X-rays. This effect suggests
that non-thermal X-rays are generated directly by elec-
tron beams; and thermal soft X-rays, by hot plasma
heated by the energy of the same electron beams. This
hot plasma subsequently evaporates and accumulates in
the corona (see, e.g., [Veronig et al., 2005]). While ob-
servations confirm the validity of the Neupert effect,
previous statistical studies have shown that it can be
disrupted in a significant proportion of events. When
testing for delays between SXR and HXR bursts, it was
found that about half of the events exhibit inconsisten-
cies with this effect (for example, [Dennis, Zarro, 1993;
McTiernan et al., 1999]).

A fairly obvious deviation from the Neupert effect oc-
curs when SXR is observed before HXR, which may indi-
cate the presence of thermal plasma that is heated not only
by accelerated electrons [Acton et al., 1992]. According to
[Dennis, 1988], the absence of energetic X-rays may be
associated with the sensitivity of the threshold of HXR
detectors; however, the studies [Benz et al., 1983; Jiang et
al., 2006] show that this phenomenon cannot be explained
by the lack of sensitivity to HXR [Benz, 2017]. Statistical
study of 503 flares [Veronig et al., 2002a] has revealed that
preheating occurs in SXR before the onset of the impulsive
phase (detected in HXR) in more than 90 % of events.
Moreover, Veronig et al. [2002b] have found no correla-
tion between the duration of preheating and the intensity of
the following flare. The data suggests that the Neupert ef-
fect is disrupted in more than half of the events, at least
during the flare early phase, regardless of its intensity. SXR
in the corona before the impulsive phase has also been
reported in other studies [Caspi, Lin, 2010; Caspi et al.,
2014, 2015]. These studies confirm that in order to explain
SXR before the impulsive phase it is necessary to involve
additional physical heating mechanisms, and not only ac-
celerated electrons.

Hudson et al. [2021] have found that the plasma
temperature exhibits common behavior at the earliest
stages of solar flares of different power: plasma with a
temperature 10-15 MK appears immediately, without
any signs of a gradual increase in temperature, before an
HXR burst. The hot radiation sources were located at
footpoints of low loops. The authors have concluded
that their heating is not explained by non-thermal elec-
tron fluxes.

Battaglia et al. [2009] have analyzed the pre-flare
phase of several solar flares when an SXR rise was ob-
served on the light curves from the RHESSI satellite,
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but no HXR response was detected in the 12-25 keV
channel. The authors attributed the heating to the heat
conduction mechanism. In [Altyntsev et al., 2012], we
have detected weak fluxes of non-thermal electrons in
microwave observations, which were available for two
of the four events considered. Thus, radio observations
are a more sensitive method for detecting non-thermal
electrons in the rarefied plasma of the solar corona.

Battaglia et al. [2023] have examined flares with hot
sources from 10 to 16 MK, which appeared during the
initial phase. The images obtained by STIX and AIA show
that compact sources are not located at tops of loops, and
heating is observed long before the occurrence of HXR.

In this paper, we analyze in detail the June 29, 2012
flare, using multiwave observations. The purpose of this
work is to determine the relationship of a newly heated
plasma with the flare structure and its dynamics at the early
stage of the June 29, 2012 flare. This event is unusual in
that during the early phase there is an outflow of ther-
mal plasma with high temperatures up to 12 MK when
there is still no response either in the radio range or in
hard X-rays. Furthermore, a fine temporal structure was
observed in the microwave radiation during the decay of
the flare, which is unusual. Sources of subsecond pulses
(SSPs) were located at a considerable distance from the
main source of the flare energy release.

INSTRUMENTS AND METHODS

We have taken the data on spectral and spatial char-
acteristics of extreme ultraviolet (EUV) radiation from
the archive of the Solar Dynamic Observatory (SDO;
[Pesnell et al., 2012]). We have used AlA images of the
full solar disk, recorded every 12 s with a spatial resolu-
tion of 0.6" [Lemen et al., 2012].

The light curves with a time resolution of 100 ms
and 4 s for studying the temporal structure of X-rays, as
well as images with a resolution of 4 s, were obtained
from RHESSI data [Lin et al., 2002].

To record non-thermal emission, we have used data
from the Siberian Solar Radio Telescope (SSRT), pri-
marily one-dimensional (1D) scans of the solar disk at a
frequency of 5.7 GHz with a time resolution of 14 ms
[Grechnev et al., 2003; Meshalkina et al., 2012]. The
beamwidth at half height was 17.8" and 19.3" in the
east-west (EW) and north—south (NS) directions respec-
tively. Short bursts lasting less than a second (subsec-
ond pulses, SSPs) were detected using a sequence of
SSRT scans. 1D scans were employed to study the fine
temporal structure of the burst in intensity and polariza-
tion, as well as to localize SSP sources on the disk. The
morphology and location of the background microwave
burst of the source during the flare were explored from
two-dimensional (2D) solar disk images captured by
SSRT with a time resolution 2—-3 min [Grechnev et al.,
2003; Kochanov et al., 2013].

We have also employed data from the Badary
Broadband Microwave Spectropolarimeter (BBMS)
[Zhdanov, Zandanov, 2011] with an operating frequen-
cy range 4-8 GHz and a time resolution of 10 ms.

Dynamic spectra in the range of 15 to 2500 MHz
were examined using HiRAS (Hiraiso Radio Spectro-
graph) data [Kondo et al., 1995].
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We have also leveraged radio data from Nobeyama
Radiopolarimeters (NoRP [Torii et al., 1979]), which
measures intensity and circular polarization at six fre-
quencies (1, 2, 3.75, 9.4, 17, and 35 GHz) with a time
resolution of 1 s and 100 ms in flare mode. Spatial dis-
tribution of the radio burst and variations in the emis-
sion intensity were studied from sequences of images
obtained by the Nobeyama Radioheliograph (NORH) at
a frequency of 17 GHz with a spatial resolution of 10"
[Nakajima et al., 1994]. We have also used data from
the Palehua Radio Telescope (Hawaii), which overlaps
in time with the NoRP data. The telescope in Palehua is
part of the USAF Radio Solar Telescope Network
(RSTN) [Guidice et al., 1981], whose instruments
measure intensity at eight frequencies (245, 410, 610,
1415, 2695, 4995, 8800, and 15400 MHz) with a resolu-
tionof 1 s.

OBSERVATIONS

The June 29, 2012 flare occurred at 04:09-04:16
UT (hereafter, Universal Time is used) in active re-
gion (AR) 11515; the flare class according to GOES
is C4.6. Figure 1 presents light curves of the flare in
X-rays, decimeter and microwave radiation.

During the initial phase of the flare, there was an in-
crease in the SXR flux (data from GOES 0.5-8 A,
RHESSI in channels up to 20 keV) (see Figure 1, a, b)
after 04:10. The plasma temperature reached 10 MK at
04:12, and then gradually increased to 15 MK. HXR
(Figure 1, d) appeared at 04:13:20 (blue dash-dot line),
i.e. the Neupert effect did not work in this event. In deci-
meter radiation in the RSTN channels (0.245-1.4 GHz),
there was a short pulse at 04:12:47, twenty seconds be-
fore the main impulsive phase (Figure 1, €). This pulse
was also observed by HiRAS in the 50-550 MHz range
as a type 11 burst drifting to low frequencies (Figure 2).

The gyrosynchrotron microwave burst lagged behind
HXR by 1.5 s, its spectral maximum was ~6-7 GHz,
and the radiation flux reached 25 s.f.u.

EUV images show that energy release of the flare
occurs in low loops (flare core in Figure 3) located at
the footpoints of a large-scale loop and open field lines.
A high loop is observed before the flare. At 04:09, com-
pact brightenings appeared in the SDO/AIA images in
the 304 A channel [http://ru.iszf.irk.ru/~nata/
120629/long.mp4]. This wavelength, at which relatively
low temperatures (50000 K) are measured, was chosen
because there were many overexposed frames in other
AlA channels. A minute later, at 04:10, plasma began to
flow along open field lines directed from west to east in
the plane of the sky (Figure 4). With time, brightness of
these plasma jets increased. Another jet emerged in a
high closed loop and gradually reached the remote
western footpoint of the loop.

The dynamics of the southern jet, along the trajectory
of which the blue dashed line is drawn, is shown in the
sequence of images in the 304 A channel (see Figure 4). It
can be seen from the brightness profiles (Figure 4) that
during propagation of the hot plasma flow there is not a
gradual increase characteristic of diffusion, but a steeping
of ~ 6" in size at the beginning of the jet, which can be
interpreted as a quasistationary thermal front. Its velocity
from 04:14:11 to 04:14:59 was ~400-500 km/s.
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Figure 1. The June 29, 2012 event: a— GOES data, radiation
fluxes (solid curve — 0.54 A, dash-dot line — 1-8 A); b —
GOES data, temperature profile; ¢, d — time profiles of HXR in
the 3-6, 25-50 keVV RHESSI channels; e — intensity profile at a
frequency of 0.245 GHz (RSTN); f — profile at 3.75 GHz
(NORP). Appearance of a jet was detected around 04:10. Vertical
dash-dot lines mark: red — time of the occurrence of decimeter
bursts (see Figure 2); blue — rise in HXR at 04:13:20; black —

interval with SSP (04:13:39.4-04:13:41.4)
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Figure 2. The June 29, 2012 event: a — dynamic spec-
trum (HiRAS); b — integral intensity of radio emission from
50 to 550 MHz (solid curve). Velocities of heat wave fronts
propagating along open magnetic field lines (see Figure 4) are
indicated by asterisks. Dotted lines mark the time of the be-
ginning of radio bursts, the dash-dot line on both panels indi-
cates the beginning of a burst of hard X-rays (04:13:23), two
right dash-dot lines in the bottom panel bound the interval
with SSP at a frequency of 5.7 GHz (04:13:39.4-04:13:41.4)
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The EUV images made it possible to trace the struc-
ture of the jets at a distance of ~60" from the flare core.
Thermal wave fronts detached from the flare core four
times; their velocities are designated in Figure 2, b by
asterisks. Comparing the velocities of the fronts with the
intensity of the emission integrated over frequency
shows a high degree of time correlation between them.

The time of the formation of the fronts is close to
that of detection of decimeter bursts.
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Figure 3. Large-scale structure of a flare region. Back-
ground is the difference between the images captured at
04:12:11 and 04:09:35 in the AIA/SDO 131 A channel. The
flare core, the jet (spray), and the high loop, along which an-
other jet moved, are shown

Figure 4. Images in the AIA/SDO 304 A channel for the
given time points. White dash-dot lines mark the horizontal
cross-section of the image. The brightness profile along the
cross-section is highlighted in white at the bottom of each
panel. The blue dashed line connects fronts (brightness jumps)
of the propagating jet. Along the X and Y axes, the values are
given in pixels
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Bursts of HXR and microwave radiation are ob-
served during the impulsive phase of the flare. The
spectral maximum of the microwave radiation of the
flare is ~6—7 GHz, i.e. close to the frequency of SSRT
observations. On maps of microwave radiation at a fre-
quency of 5.7 GHz, to footpoints of a large-scale loop
correspond two sources — core, or eastern (SE), and
remote, or western (SW), indicated in Figure 5 by white
contours. The behavior of brightness temperatures in
these sources in the right-hand and left-hand polariza-
tions is illustrated in Figure 6. In the core, microwave
radiation begins at 04:13:20, i.e. approximately 3.5 min
after the onset of plasma heating and the appearance of
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Figure 5. Image in AIA/SDO 131 A channel at 04:13:47 with
superimposed contours (a): white — distribution of brightness
temperature (0.3, 0.5, 0.7, 0.9 of maximum) at 5.7 GHz at 04:13;
black — distribution of brightness temperature in polarization at
5.7 GHz: solid — RCP (0.3, 0.5, 0.7 of maximum), dotted —
LCP (0.3, 0.5, 0.7 of the minimum); pink — distribution of
brightness temperature in intensity (0.5, 0.7, 0.9 of maximum) at a
frequency of 17 GHz at 04:13:40; SE and SW — eastern (core)
and western (remote) sources respectively. HMI/SDO magneto-
gram at 04:13:30 (b) with superimposed contours: white — the
same as in panel a; orange — RHESSI data in the 25-50 keV
channel (0.5, 0.9 of maximum); dark green — RHESSI data in the
6-12 keV channel (0.5, 0.9 of maximum); the blue frame marks
the position of SSP sources; the white cross in the lower left cor-
ner is the SSRT antenna beamwidth
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Figure 6. Brightness temperature profiles in microwave
sources at a frequency of 5.7 GHz, measured by SSRT, in
circular polarization: a — right-hand (RCP), b — left-hand
(LCP). Red curves represent the flare core (SE); black curves,
the remote source (SW)

a jet. The degree of circular polarization of the flare
core does not exceed 17 % according SSRT data. The
front of microwave signal amplification in the remote
source lags by 2.5 s, as previously shown in [Zhdanov,
Zandanov, 2013]. The amplitude of the brightness tem-
perature in the remote source is two times lower than in the
core. At a frequency of 17 GHz, compact radiation sources
(pink contours) are observed in both footpoints of the
high loop (see Figure 5), whereas the remote source is
weak and is confidently detected with 10 s delay. The
HXR source is located near the center of the core
brightness (orange contours in Figure 5, b).

A feature of the flare is a series of superbright
SSPs at the SSRT receiving frequency, which occur
during the decay of the microwave flare burst (see
Figure 6). Brightness centers of SSP sources are locat-
ed in the remote source, their position is indicated by
the blue diamond in Figure 5, b. Note that the SSP
radiation has a high degree of right-hand circular po-
larization — up to 100 % in some pulses.

Dynamic spectra with the fine temporal structure
feature a variety of burst types: narrow-band driftless
(with a bandwidth <1 GHz); drifting at velocities of
~15.2 GHz/s toward low frequencies (Figure 7); with an
almost symmetrical drift toward high and low frequen-
cies at velocities of 5.7 GHz/s and 11.3 GHz/s; a burst
slowly drifting (2.9 GHz/s) toward high frequencies.
The drifting bursts have different spectral bandwidths:
from 0.89 to 1.4 GHz.

DISCUSSION

Observations suggest that distributions of flare energy
release over channels (heating, acceleration of plasma
and particle fluxes) differ significantly in dynamics and
relative contribution. Events with a large contribution of
energy to electron acceleration feature the Neupert effect.
On the other hand, in some events (so-called thermal
flares) there are no accelerated particles in HXR and mi-
crowave radiation (see, e.g., [Fleishman et al., 2015]). In
the event under study, hot plasma with temperatures
above 10 MK appears at the initial stage of the flare, and a
burst of non-thermal electrons is observed a few minutes
later. A feature of this event is the heating of plasma to an
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Figure 7. Dynamic spectrum (BBMS data) with fine tem-
poral structure (top) and corresponding frequency time scan-
ning (bottom, frequencies are indicated by numbers on the left).
The blue line shows a burst shifting toward low frequencies

abnormally high temperature in low loops, as well as
near footpoints of large-scale loops, which creates fa-
vorable conditions for studying heat and plasma propa-
gation into the upper corona. Discussion of the mecha-
nism of plasma heating near footpoints of high loops is
beyond the scope of this work. We can mention the pa-
pers [Liu et al., 2013; Larosa, Moore, 1993; Somov et
al., 1998] according to which superheated plasma is
formed in turbulent current sheets.

The SDO/AIA images suggest that part of the heated
plasma in the form of jets moves from the heating core
along open field lines, and another part moves along
high loops (closed in the field of view) toward remote
footpoints. The behavior of EUV-brightness distribu-
tions was examined along the latitude-aligned open field
line (see Figures 2, b and 4). For ~5 min from the ap-
pearance of the jet to the end of the impulsive phase,
there were four sequentially propagating brightenings
with a front width ~4-5 thousand km during plasma
outflow. The fronts separated from the hot core of the
flare and moved at velocities 300-500 km/s, which at a
plasma temperature 10-15 MK are 30-40 times lower
than the thermal velocity of electrons, but several times
higher than the thermal velocity of ions.

Slowdown of spreading of hot electron bunches in
cold plasma was previously observed in laboratory exper-
iments [lvanov et al., 1969; lvanov, 1977; Manheimer,
1977]. In flares, this effect was first noted in [Batchelor et
al., 1985; Rust et al., 1985]. A theoretical explanation for
the formation of a heat jump between hot and cold plas-
mas moving at a velocity much lower than the thermal
velocity of electrons was first proposed in [lvanov et al.,
1970]. Electrons scatter due to compensation of an out-
going charge by the counter flow of cold electrons since
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ions do not have time to move. Note that in the case of a
jet in a radius-limited magnetic tube, an induction re-
sponse to the fields of the counter flow also contributes to
the neutralization of hot electron current [Hammer,
Rostoker, 1970; Lee, Sudan, 1971]. The relative contri-
bution and dynamics of these neutralization mechanisms
are discussed in [Van den Oord, 1990].

The counter flow of cold electrons of sufficiently
high intensity can be slowed down due to the appear-
ance of abnormal resistance when current instabilities
are excited. As demonstrated analytically and by numer-
ical simulation [lvanov et al., 1970; Brown et al., 1979;
Smith, Lillequist, 1979; Bardakov, 1985; Arber, Melni-
kov, 2009], scattering of hot electrons can give rise to a
stationary moving jump in the density of hot electrons,
which can be interpreted as a wave of replacement, or
heat front. Bardakov [1985] has shown that a stationary
potential jump front is formed which moves at a veloci-
ty close to the ion-acoustic one. This result also remains
valid for isothermal cold plasma. Results of laboratory
experiments [lvanov et al., 1969; Ivanov, 1977; Man-
heimer, 1977] also demonstrate velocities of heat wave
propagation near the ion-acoustic wave velocity depend-
ing on the square root of the plasma ion mass.

Estimate the ion-acoustic wave velocity, using the
formula [Aschwanden, 2004]

Vg =1.66-10* /T/p,

where p is the ion-proton mass ratio. At u(H)=1 and
T=10-15 MK, Vgun¢=520-640 km/s. The observed ve-
locities to 300-500 km/s agree with this estimate if it is
remembered that the temperature decreases during ex-
pansion of the region with hot electrons when a heat
wave appears. With decreasing temperature, the heat
wave velocity decreases. The prolonged fourth wave is
generated during the flare impulsive phase with high
power energy release.

The thermal front serves as a barrier for low-energy
electrons. High-energy part of the electrons in heated
plasma can penetrate through the barrier and form a
beam distribution behind it, which generates the ob-
served drifting burst of decimeter radiation [Brown et
al., 1979; Smith, Lillequist, 1979; Vlahos, Papadopou-
los, 1979; Levin, Melnikov, 1993].

Fluxes of non-thermal electrons appear during the
flare impulsive phase. At maximum hard X-ray signal,
the index of the power law spectrum of electrons reach-
es a value of 3.8, which demonstrates the non-thermal
nature of the burst. The microwave burst spectrum has a
form characteristic of gyrosynchrotron emission. The
maximum frequency is ~6 GHz. Comparing time pro-
files of 5.7 GHz radiation from the core and the remote
source provides an estimate of the transit time of non-
thermal electrons along a high loop at 2.5 s. Given a high
loop length of 270" (see Figure 3), we estimate the effec-
tive electron velocity at about 7.8x10° cm/s. When taking
into account the spread of electron velocities in pitch an-
gles and magnetic helicity, the estimate of electron velocity
increases approximately twofold. In this case, the energy of
non-thermal electrons generating gyrosynchronous emis-
sion in a remote source is at least 100 keV. Polarization
of SSP in a remote source runs to 100 %.
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Interestingly, subsecond pulses are observed in the re-
mote source during the decay of the main burst in the flare
core. The direction of SSP frequency drifts to high fre-
quencies is consistent with the downward motion of emit-
ting electrons to the western footpoint of the high loop.
Presumably, some of the electrons are reflected since there
is a case with reverse drift in microwave emission.

CONCLUSION

The June 29, 2012 flare saw no Neupert effect, i.e.
this flare was a preheating event observed in soft X-rays
before the impulsive phase, which was detected later in
hard X-rays.

Heat waves are formed when the local plasma region
is heated already in the flare initial phase and manifest
themselves as jet eruption. The rate of thermal plasma
outflow during jet eruption along an open magnetic field
line (as a channel holding plasma) significantly exceeds
the thermal velocity of ions and reaches values of the
order of the ion-acoustic wave velocity.

The fine temporal structure in the microwave radia-
tion was observed during the descending phase of the
flare. It is noteworthy that SSP sources were far away
from the main flare source, where the main energy re-
lease and hard X-ray emission occurred. SSPs are gen-
erally located in close proximity to the main energy
release. The results demonstrate the importance of ob-
servations with spatial resolution.
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