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Abstract

We conduct a detailed analysis of an M1.3 limb flare occurring on 2017 July 3, which have the X-ray observations
recorded by multiple hard X-ray telescopes, including Hard X-ray Modulation Telescope (Insight-HXMT), Ramaty
High Energy Solar Spectroscopic Imager (RHESSI), and the Fermi Gamma-ray Space Telescope (Fermi). Joint
analysis has also used the extreme ultraviolet (EUV) imaging data from the Atmospheric Imaging Assembly (AIA)
aboard the Solar Dynamic Observatory. The hard X-ray spectral and imaging evolution suggest a lower corona
source, and the non-thermal broken power law distribution has a rather low break energy ~15keV. The EUV
imaging shows a rather stable plasma configuration before the hard X-ray peak phase, and accompanied by a
filament eruption during the hard X-ray flare peak phase. Hard X-ray image reconstruction from RHESSI data only
shows one foot point source. We also determined the DEM for the peak phase by SDO/AIA data. The integrated
EM beyond 10 MK at foot point onset after the peak phase, while the >10 MK source around reconnection site
began to fade. The evolution of EM and hard X-ray source supports lower corona plasma heating after non-thermal
energy dissipation. The combination of hard X-ray spectra and images during the limb flare provides the
understanding on the interchange of non-thermal and thermal energies, and relation between lower corona heating
and the upper corona instability.
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1. Introduction

Solar corona is formed by hot plasma with complex magnetic
field. The super hot plasma formation is still a mystery in solar
physics, and various processes are proposed based on alternating
current (Alfvén 1947) and direct current (Parker 1986) heating
mechanisms. It is essentially that the heating originates from
different types of energy conversion and accompanying response
of the corona plasma, then studies address that the highly
disparate spatial scales, physical connections between the corona
and lower atmosphere, complex microphysics, variability and
dynamics could be the possible approaches for solving corona
plasma heating, especially the physical connections between the
corona and lower atmosphere (Aschwanden 2004; Klimchuk
2006). In fact, all those approaches are deeply rooted in the
evolution of corona dynamics. Then the flare is one of the most
energetic events occurred in the solar corona, which induced
plasma heating, particle acceleration and multi-wavelength
radiation (Benz 2017), might provide a clear figure of energy
conversion and plasma response.

A general concept of the flare standard model believes that most
of the eruptive energy comes from magnetic reconnection in the

solar corona. As the standard model (CSHKP; Carmichael 1964;
Sturrock 1966; Hirayama 1974; Kopp & Pneuman 1976)
described, a cusp-shaped structure with hot loop top and foot-
points releases enormous energy through magnetic reconnection,
with plenty of energy dissipation by various processes, such as
plasma thermal conduction, which could been seen in soft X-rays
and extreme ultraviolet (EUV); or accelerating non-thermal
particles, then hard X-ray footpoint sources present, higher energy
electrons also could be trapped in magnetism plasma loops and
produce impressive radio emissions. In standard scenario high
energy electrons propagates from higher corona into the dense
chromosphere along complex magnetic loop (Benz 2017). It is
natural that if we could obtain the precise 3D morphology structure
of the flare and its evolution, it could be very helpful for better
modeling of the physic process, and determining the energy budget
and its conversion efficiency (Fleishman et al. 2021). But almost
all ground and space observations only provide line of sight in field
of view, projection effect becomes very important, which causes
discrepancy between the observations and theory (Forbes &
Acton 1996), especially for detailed energy release and dissipation
processes (Warmuth & Mann 2016).
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Even though it is very difficult to avoid the projection effect
from in situ and remote sensing observations, a limb flare has
the relatively distinct advantage. A limb flare usually provides
a better side view of the flare morphology, especially the cusp-
shaped structure evolution. Some researchers (Carley et al.
2019; Fleishman et al. 2020; Chen et al. 2021) provided clear
evidence revealing the location of the flare magnetic reconnec-
tion site, its current sheet formation and corona magnetic field
evolution by utilizing the excellent limb super flare based on
jointly hard X-ray, radio and ultraviolet observations. In
particular, the hard X-ray observations could reveal non-
thermal electrons acceleration site, distribution and evolution in
the hot plasma (Lysenko et al. 2019; Zhang et al. 2021),
nevertheless super flares emitting bulk of photons usually result
in instrument saturation, especially in X-ray and EUV bands,
however, which are often used to determine the hot plasma
characteristics.

For the past decade, the Atmospheric Imaging Assembly
(AIA; Lemen et al. 2012) provided an advance of high spatial
resolution UV-visible/EUV image data. Numbers of plasma
differential emission measures (DEMs) method developed
(Weber et al. 2004; Hannah & Kontar 2012; Cheung et al.
2015; Su et al. 2018), excavated the thermal plasma dynamics
from few MK to tens of MK, which also very depended on the
data quality. However during the flare period, thermal energy
could not exist without non-thermal energy, and they convert to
one another during different flare phases, so we also need hard
X-ray imaging spectroscopy for better dynamic range of
plasma characteristic determination, especially for gamma-ray
flares in which non-thermal energy dissipation dominates (Lin
& Hudson 1976; Lin 2011), or super-hot flares in which
thermal energy dissipation dominates (Caspi & Lin 2010; Caspi
et al. 2014).

In this study, we present the hard X-ray timing properties of
an M1.3 limb flare by using observations from Ramaty High
Energy Solar Spectroscopic Imager (RHESSI), the Fermi
Gamma-ray Space Telescope (Fermi) and Hard X-ray Modula-
tion Telescope (Insight-HXMT), and investigate detailed hard
X-ray spectral evolution with both RHESSI and Fermi data,
meanwhile study the plasma loop evolution by the Solar
Dynamic Observatory Atmospheric Imaging Assembly (SDO/
AIA) data. We show the hard X-ray light-curves observed from
RHESSI, Fermi and HXMT/CsI detectors, and the limb flare
did not have too much high energy photons above 100 keV.
The hard X-ray spectral analysis shows a typical soft-hard-soft
broken power law distribution, with a power law index around
3 at peak time. However, the hard X-ray image only shows
foot-point structure. In the next section, the hard X-ray
observations of the limb flare by different missions are
introduced. In Section 3, the detailed analysis of the spectral
evolution of the flare in hard X-rays is described. The
conclusion is presented in the last section.
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2. Hard X-Ray Observations

The Reuven RHESSI is a NASA Small Explorer Mission
(Lin et al. 2002). It could resolve the hard X-ray source on the
solar disk with 4s high cadence, could make imaging and
spectroscopy measurements from soft X-rays to gamma-rays
(i.e., 3keV to 17 MeV). The highest angular resolution is ~3”,
and the highest energy resolution is down to 1keV. Gamma-
ray Burst Monitor (GBM) on board the Fermi consists of an
array of 12 thallium-doped sodium-iodide detectors (Nal(Tl))
(Meegan et al. 2009), covering an energy range of 8keV to
1 MeV, and the detectors also have the capacity to detect
incident solar hard X-ray and gamma-ray photons. The Insight-
HXMT satellite consists of three main telescopes (Zhang et al.
2020): High energy telescope (HE), Medium Energy telescope
(ME) and Low Energy telescope (LE). The HE telescope has
18 cylindrical Nal/Csl detectors, the Nal detector could resolve
20-250keV sources in the field of view, besides the Csl
detector could detect gamma-rays from 80-800 keV (Normal-
Gain mode) and 200-3000 keV (Low-Gain mode) respectively
(Liu et al. 2020; Luo et al. 2020). The CsI detectors also could
detect incident solar hard X-ray and gamma-ray photons
(Zhang et al. 2021). The SDO/AIA (Pesnell et al. 2012) could
resolve the flare loops and plasma from 0.02 MK to more than
20 MK, with quite high spatial resolution ~0.6”, and the time
resolution ~12s. In this study we will use SDO/AIA data for
DEM inversion and only use 131 A for flare region imaging,
which is sensitive to hot flare plasma in the corona.

The limb M1.3 class flare occurred at 2017 July 3 15:37 UT,
with the X-ray light curves as shown in Figure 1. We could see
the flare lasted for almost 1.5 h in the soft X-ray band from
GOES observations. However the hard X-ray photons were
detected only near the flare peak phase, and the onset of hard
X-rays was from 15:50 UT according to RHESSI and Fermi
observations. In Figure 1, we also present the Insight-HXMT
CslI light curve in the peak phase. In the middle panel we could
see that there were very limited photons higher than 50 keV,
Fermi and RHESSI light curves well matched during the whole
flare phase. However, since Insight-HXMT Csl detector have
higher threshold for gamma-ray photons (Luo et al. 2020), we
only see the excess of the count rates at the peak phase.

3. Hard X-Ray Evolution Characteristics

Both RHESSI and Fermi/GBM have full observations of the
limb flare, and their spectral features were consistent with each
other in the range of ~10-100keV. In this study, we only
analyzed the RHESSI spectral properties and the variations
around the peak phase time in hard X-ray bands as shown in
Figure 1. The hard X-ray spectra could be well fitted with
thermal plus broken power law model. We have shown the
spectra examples for three typical time intervals in Figure 2:
before the peak, at the peak and after the peak. The narrow
peak time interval was defined around 16:13:00-16:14:30 UT
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Figure 1. The multi-wavelength light curves of the M1.3 flare: (top) the GOES soft X-ray light curves, the dashed line is 0.5-4.0 A, the solid line is 1.0-8.0 A;
(middlel) the hard X-ray light curve, red, orange and pink solid lines represent RHESSI observations and blue, light blue and green solid lines stand for Fermi
observations; (bottom) the light curve observed by Insight-HXMT Csl detectors at 50-1000 keV range.

based on the hard X-ray light curve obtained by Insight-HXMT
(see Figure 1). Figure 2(a) shows the thermal plasma tended to
be very hot of the temperature ~20 MK, and photons above
50keV almost at the background level before the hard X-ray
peak. However, bulk of energy would start to accelerate
electrons in the corona, and plenty of thermal electrons gaining
sufficient energy turn into non-thermal electrons, which are the
origin emitter of hard X-ray photons and centimeter-wave-
length radio waves. At the hard X-ray curve peak, we could see
that the non-thermal power law index became harder while the

hot plasma became cooler with T~ 17 MK as shown in
Figure 2(b). Then after the peak phase as shown in Figure 2 (c),
the energetic electrons lose all their energy in the dense corona,
which in addition continue to heat the corona source, so that we
obtained the hot plasma of 7'~ 24 MK but softer power law
distribution at non-thermal region.

According to the light curves shown in Figure 1, we divided
the whole peak phase covering the time interval from 16:13:12
UT to 16:16:30 UT into several small time intervals, and
obtained the hard X-ray spectra for each time interval. Then we
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Figure 2. The figures show the hard X-ray spectra and their spectral fitting results based on RHESSI observations before the hard X-ray peak phase (a,
16:13:12-16:13:16 UT), at peak time (b, 16:13:28-16:13:32 UT) and after the hard X-ray peak phase (c, 16:14:00-16:14:04 UT). The green solid lines represent the
thermal component, while the blue solid lines are the non-thermal component with the broken power-law model.

continue the spectra fittings with RHESSI data for each time
interval through the flare peak phase from 16:13:12 UT to
16:16:30 UT with the same model described above.

The thermal plasma configuration contributes most soft
X-ray emission, according to Garcia (1994) and White et al.
(2005), under the isothermal assumption one could derive the
plasma emission measure and temperature via GOES fluxes in
the two channels based on CHIANTI database with both
coronal and photospheric abundance models. In Figure 3, the
plasma characteristics derived from GOES observations were
demonstrated in the top panel, and in the bottom panel we
compared the plasma emission measure and temperature
evolution obtained from the RHESSI spectral fitting during
the whole peak phase. During the peak phase, the temperature
of the hot plasma source emitting hard X-rays tended to
decrease before 16:13:32 UT and started to increase after the
peak, then slowly decreased after 16:14:30 UT. On the
contrary, RHESSI emission measure started to increase before
16:13:32 UT and slowly decreased (nearly in the stable value
level) later. It is consistent with the corona plasma configura-
tion that higher temperature source tends to have a smaller
emission volume and lower temperature source tends to have a
bigger emission volume. It should be noted that the plasma
configuration difference between GOES and RHESSI was
attributed to the different energy ranges (Ryan et al. 2014).

The non-thermal component evolution during the peak phase
were also shown in Figure 4. The break energy during the peak
phase was around 20 keV before the peak (two data points),
and decreased to be ~15keV with very minor variation after

then. On the other way, power law index  has shown a soft-
hard-soft variation pattern from 3.5 to 5.5, which is also
consistent with the flare model in previous studies. Both error
bars tend to be bigger after 16:14:30 UT might be due to the
non-thermal energy dissipation which leads to smaller non-
thermal photons comparable with background.

To locate the hard X-ray emission site, we have used
RHESSI data to reconstruct the hard X-ray image at the flare
region. Besides the hard X-ray imaging data, we also used the
UV observations from Atmosphere Imaging Assembly (AIA).
In Figure 5, we shows the EUV color images with AIA wave
bands 131 A (which is very sensitive for million Kelvin plasma
at flare region) in 9 time intervals around the flare peak phase
from 16:12:00 UT to 16:15:36 UT, with overlaying the hard
X-ray contours based on RHESSI observations on the SDO/
AIA data. The red, green and blue contours represent three hard
X-ray bands: 6-10keV, 10-30keV and 30-100keV respec-
tively, and we used different contour levels for higher energy
ranges because at higher energies the imaging quality is not as
good as lower bands. However the hard X-ray images did not
show complex morphology structure compared with EUV data,
we only found a very simple condensed hard X-ray foot-point
at the bottom of hot plasma loops. It should be clarified that in
order to increase the signal to noise ratio, we reconstructed
RHESSI data with 24 s integration at 6 time intervals from
16:13:12 UT to 16:15:36 UT using CLEAN algorithm (Hurford
et al. 2002). Given that hard X-ray image reconstruction should
have sufficient photons in specific energy band, we have put
10* total counts after reconstruction as the threshold.
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Figure 3. The EM and temperature evolution derived from GOES and RHESSI. (Top) Plasma temperature and EM derived from GOES data, and the RHESSI spectral
fitting range marked with pink; (bottom) the green and blue curves with error bars stand for plasma temperature and EM evolution derived from RHESSI spectral

fittings.

We could see a fine stable plasma filament before 16:13:12
UT in Figure 5(A)—(C), and a mini-cusp structure arose at the
peak of hard X-ray phase as yellow arrow pointed in
Figure 5(D), which was later accompanied by a filament
eruption. We also mark the current sheet with the gray dotted
line, then one could see the current sheet survival through the
whole hard X-ray flare phase. The most brightening area at the
bottom of the current sheet should be the flare reconnection
site. Figures 5(D to I) show that the hard X-ray source is mainly
located at the northern foot-point of EUV flare loops. The
filament eruptions started and were accompanied by the hard
X-ray flare peak phase after 16:13:12 UT. The filament
eruption might mainly be caused by the upward motion of the
overlying loops. We did not see loop top hard X-ray source, but
the brightening of 131 A source and the dimming of high
energy hard X-ray source at the foot point area, possibly
because most non-thermal electrons lost their energy in the

bottom corona via radiation process, and in the meantime
particle collisions indirectly heat the bottom source.

In general standard flare models suggest that hard X-ray
emissions have a looptop source and two footpoint sources
(Shibata et al. 1995). During the limb flare, the X-ray light-
curves (see Figure 1) showed a quite gentle and gradual flare
event, which implied that the magnetic energy release and
dissipation also turned out to be relatively slower than
impulsive events. Then in such a short period, non-thermal
electrons could not be accelerated to higher energies and form
hard X-ray loop-top sources, and possibly most energetic non-
thermal electrons accelerated streaming downward to foot-
point then lost all energy in the dense hot foot point plasma.
After the flare peak phase, i.e., from 16:14:48 UT, the hard
X-rays above 30keV cannot be resolved by the RHESSI
detector, which also suggested the high energy electrons lost
the energies very fast after the peak. Such a scenario also
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Figure 4. The beta and break energy evolution during the peak phase derived from RHESSI. Blue circles represent the break energy in the broken power law fitting;

red line with black stars stands for the power law index [3 above the break energy.

supported by emission measure maps derived from SDO/AIA
data using the method from Su et al. (2018) as shown in
Figure 6, the >10 MK plasma sources appears in the upper
corona, and decreased along with the high energy hard x-ray
source, later the arise in the hard X-ray flare footpoint. Single
foot-point hard X-ray source shown in Figure 5 might be due to
projection effect or solar disk occultation because we only have
line sight of view observations for the limb flare.

In addition, we can find the structure of 0.3—10 MK source
was rather stable during the whole hard X-ray flare phase in
Figure 6. The hard X-ray flare magnetic reconnection site
confirmed by AIA 131 Ain Figure 5 also arose the >10 MK
plasma source but disappeared after peak phase. Later the
upper corona >10 MK source started dimming and the foot
point site >10 MK source occurred. Hence we believe that the
lower corona reconnection released vast of energy heating the
ambient cooler plasma and accelerated electrons simulta-
neously, while the acceleration site was very close to the
bottom of the dense corona where the hard X-ray source only
lasted for a few minutes. But the dissipation energy fully
injected the hot plasma loops, the unevenly heating at different
corona heights resulted in the instability of the whole flare
region loops after the flare peak.

4. Conclusion and Summary

In this paper, we presented joint observations of a limb flare
on 2017 July 3 by RHESSI, Fermi and Insight-HXMT and
SDO/AIA to study the hard X-ray evolution during the flare
peak phase. The hard X-ray light curves around the peak phase

showed a very gradual variation pattern, indicating that the
energy release from magnetic reconnection processes tended to
be gentle compared with impulsive flares (Zhang et al.
2018, 2021). The RHESSI hard X-ray imaging only showed
a single foot-point, so we do not see the loop-top source and
even another foot-point at all energy ranges which are predicted
by a standard cups flare model. Missing of the other foot-point
might be due to its occultation by the solar disk because the
imaging data only provided us line-sight of view. The possible
answer to the absence of loop-top source might be that most
energetic electrons were accelerated stream downward but not
upward, and consequently bremsstrahlung radiation could emit
sufficient hard X-ray photons observed by the RHESSI
detector.

The scenario is also supported by RHESSI spectral fitting
results. The broken power law distribution gave the soft-hard-
soft pattern in ~30 s exactly around the hard X-ray peak time,
but tended to have the gradual variation after the peak phase.
The same pattern appeared in the fluctuation of thermal plasma
temperature, in addition we also see the inverted pattern of the
emission measure evolution derived from RHESSI observation.
The low break energy ~15keV indicate that non-thermal
electrons could not be accelerated to higher energies in this
case, a considerable chunk of energy was still trapped in the
corona loops, with rather a small population of electrons
energization and stream downward to lower corona. But the
dissipation of the non-thermal energy directly caused the
fluctuation of thermal plasma configuration as shown in
Figure 3 after the peak phase, and the fluctuation became
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Figure 5. The figure shows the composite images using data from SDO/AIA 131 A observations in nine integration time ranges from 16:12:00 to 16:15:36 UT, solar
limb marked with gray line, the integration time is 24 s. We also overlay the contours of hard X-ray images based on RHESSI data in three energy bands: 6-10 keV,
10-30 keV and 30-100 keV marked with red, green and blue solid lines, respectively. The contour levels for 6-10 keV, 10-30 keV and 30-100 keV are 30%, 60%
and 90%. The gray dashed—dotted lines mark the reconnection current sheet. The yellow arrow in (D) marks the first appearance of the erupting filament.

weaker after 16:15:30 UT, when the loops at higher corona
were broken.

At present, different hard X-ray telescopes provide the
insight to the particle accelerations and high energy emission
properties in flares. Cooper et al. (2020) used the Nuclear
Spectroscopic Telescope ARray (NuSTAR) to constrain the
thermal plasma dynamics and the upper limits of non-thermal

emission. In addition, the Insight-HXMT also presented the
non-thermal X-ray/gamma-ray diagnose of a big flare,
revealing the evolution of high energy electrons and corona
magnetic field (Zhang et al. 2021). However, the absence of
vivid hard X-ray source imaging poses challenges to current
instruments on sensitivity and the angle of view. Recently the
Spectrometer/Telescope for Imaging X-rays (STIX) on board
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Figure 6. The figure shows the EM maps derived from SDO/AIA observations in six integration time ranges from 16:13:12 to 16:15:36 UT. Background is 0.3-10
MK integrated EM map. We overlay the contours of both 0.3-10 MK and >10 MK integrated EM map with contour levels: 30%, 60%, 90%, marked with sky blue
and magenta respectively. The hard X-ray images contours based on RHESSI data in three energy bands: 6—10 keV, 10-30 keV and 30-100 keV marked with red,
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Solar Orbiter has presented several cases of microflares
observed during its instrument commissioning phase which
provided better insights into the thermal and non-thermal
energy dissipation during microflares (Battaglia et al. 2021).
Moreover, the Focusing Optics X-ray Solar Imager (FOXSI-2)
sounding rocket experiment utilized a direct imaging technique
with impressive improvements in sensitivity and imaging
dynamic range compared to RHESSI and demonstrated the
presence of high temperature plasma ~10 MK (Glesener et al.
2016; Vievering et al. 2021). Therefore, the joint X-ray
observations of multiple instruments should be very helpful to
understand the energy conversion and plasma response during
the flares in wide energies and large spatial ranges.
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