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ABSTRACT

Aims. In this paper, we reanalyze the M1.2 confined flare with a large extreme-ultraviolet (EUV) late phase on 2011 September 9,
with a focus on its energy partition.

Methods. The flare was observed by the Atmospheric Imaging Assembly (AIA) on board the Solar Dynamics Observatory (SDO).
The three-dimensional (3D) magnetic fields of the active region 11283 prior to the flare were obtained using nonlinear force free field
modeling and the vector magnetograms observed by the Helioseismic and Magnetic Imager (HMI) on board the SDO. Properties of
the nonthermal electrons injected into the chromosphere were obtained from the hard X-ray observations of the Ramaty Hight Energy
Solar Spectroscopic Imager (RHESSI). Soft X-ray fluxes of the flare were recorded by the GOES spacecraft. Irradiance in 1-70 A and
70-370 A were measured by the EUV Variability Experiment (EVE) on board the SDO. We calculated various energy components
of the flare.

Results. The radiation (~5.4 x 10° erg) in 1-70 A is nearly eleven times larger than the radiation in 70-370 A, andis nearly 180 times
larger than the radiation in 1-8 A. The peak thermal energy of the post-flare loops is estimated to be (1.7—1.8) x 10 erg based on
a simplified schematic cartoon. Based on previous results of the enthalpy-based thermal evolution of loops (EBTEL) simulation, the
energy inputs in the main flaring loops and late-phase loops are (1.5-3.8) x 10%° erg and 7.7 x 10? erg, respectively. The nonthermal
energy ((1.7-2.2) x 10°° erg) of the flare-accelerated electrons is comparable to the peak thermal energy and is sufficient to provide
the energy input of the main flaring loops and late-phase loops. The magnetic free energy (9.1 x 103! erg) before flare is large enough

to provide the heating requirement and radiation, indicating that the magnetic free energy is sufficient to power the flare.
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1. Introduction

Solar flares and coronal mass ejections (CMEs) are the most
powerful activities in the solar atmosphere and have a potential
influence on space weather (Forbes et al. 2006; Fletcher et al.
2011; Reames 2015; Patsourakos et al. 2020). A total amount
of 10%-10°? erg magnetic free energy is impulsively released
and converted into various kinds of energy, including the ther-
mal energy of the directly heated plasma, kinetic energy of the
bulk outflows, nonthermal energies of accelerated electrons and
ions, and kinetic energy of a CME (e.g., Priest & Forbes 2002;
Stoiser et al. 2007; Schrijver et al. 2008; Jing et al. 2009; Emslie
et al. 2012). According to their association with CMEs, flares
can be classified into eruptive events and confined events (Moore
et al. 2001). Confined flares are produced via loop-loop interac-
tion (Motorina et al. 2020) or triggered by failed filament erup-
tions (Ji et al. 2003; Song et al. 2014; Yan et al. 2020). The
strong strapping field overlying the active region (AR) core plays
a dominant role in constraining the eruptions (Wang & Zhang
2007; Myers et al. 2015; Sun et al. 2015; Amari et al. 2018;
Baumgartner et al. 2018).

* Movie associated to Fig. 1 is available at
https://www.aanda.org
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Energy partition in flares is an important issue, which has been
extensively explored (e.g., Saint-Hilaire & Benz 2002; Emslie
etal. 2004, 2005, 2012; Chamberlin et al. 2012; Feng et al. 2013;
Hannah & Kontar 2013; Milligan et al. 2014; Warmuth & Mann
2016a,b, 2020; Motorina et al. 2020). Stoiser et al. (2007) stud-
ied 18 microflares observed by the Ramaty Hight Energy Solar
Spectroscopic Imager (RHESSI; Lin et al. 2002). The average
thermal and nonthermal energies are 7 x 10%” erg and 2 x 10% erg,
respectively. Inglis & Christe (2014) investigated the energetics
of ten microflares. It is concluded that multi-thermal plasma is a
relevant consideration for microflares. For large eruptive flares,
the energies contained in flares and CMEs are roughly compa-
rable (Emslie et al. 2005; Reeves et al. 2010; Feng et al. 2013).
The global energetics of nearly 400 flares and CMEs during
2010-2013 were studied in a comprehensive way (Aschwanden
etal. 2015, 2017). It is found that the nonthermal energy exceeds
the thermal energy in 85% of the whole events, which is con-
sistent with the collisional thick-target model (Brown 1971). So
far, few works have been dedicated to the energy partition in
confined flares. For instance, Thalmann et al. (2015) studied
the X1.6 flare on 2014 October 22 and calculated the nonther-
mal energy in electrons and magnetic free energy in AR 12192.
The nonthermal energy accounts for 10% of the magnetic free
energy. Zhang et al. (2019) investigated the energy partition in
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two M1.1 circular-ribbon flares (CRFs) in AR 12434 on 2015
October 15 and 16. The peak thermal energy, nonthermal energy
of flare-accelerated electrons, total radiative loss of hot plasma,
and radiative output in 1-8 A and 1-70 A of the flares are cal-
culated. It is revealed that the two confined flares have similar
energetics and the total heating requirement of flare loops could
adequately be supplied by nonthermal electrons. Recently, Cai
et al. (2021) studied the energetics of four confined CRFs in
detail. The ratio of nonthermal energy in flare-accelerated elec-
trons to the magnetic free energy lies in the range 0.70-0.76,
which is much higher than that of eruptive flares. Hence, this
ratio is proposed to be an essential factor for discriminating con-
fined flares from eruptive flares.

Typically, the complete evolution of soft X-ray (SXR) flux
of a flare is characterized by a slow rise in the preflare phase,
a sharp rise in the impulsive phase, and a gradual decay phase
(Zhang et al. 2001). Shortly after the launch of Solar Dynam-
ics Observatory (SDO; Pesnell et al. 2012), an extra peak
in the extreme-ultraviolet (EUV) “warm” coronal lines (e.g.,
Fe XVI335A, ~2.5MK) was observed by the EUV Variability
Experiment (EVE; Woods et al. 2012) on board the SDO and
was termed “EUYV late phase” (Woods et al. 2011). The time lag
between the main phase and late phase ranges from a few tens of
minutes to several hours. The emission of late phase is found to
originate from a set of coronal loops higher and longer than the
main flaring loops (Woods et al. 2011; Dai et al. 2013; Liu et al.
2013; Sun et al. 2013; Li et al. 2014; Masson et al. 2017; Wang
et al. 2020). In most cases, the peak of late phase is lower than
the main-phase peak (Woods et al. 2011). Nevertheless, some of
the events show a stronger late-phase peak than the main-phase
peak, which is known as the “extreme EUV late phase” (Liu et al.
2015; Dai et al. 2018; Zhou et al. 2019). The flares with a late
phase could be associated with circular ribbons, two ribbons, or
complex multiple ribbons (Chen et al. 2020).

Although a great number of case studies have been carried
out, the nature of the EUV late phase is still under debate. One
explanation is additional heating during the gradual phase (Dai
et al. 2013; Liu et al. 2015; Kuhar et al. 2017) and the other
is prolonged cooling time for the higher and longer late-phase
loops given that the conductive cooling timescale increases
with the loop length (Cargill 1994; Liu et al. 2013; Masson
et al. 2017). Combining observations and numerical simulations
using the enthalpy-based thermal evolution of loops (EBTEL,;
Klimchuk et al. 2008; Cargill et al. 2012a,b) code, Sun et al.
(2013) concluded that the second peak comes from the long
cooling of large post-reconnection loops and additional heating
may also be required. That means both mechanisms may be at
work (Li et al. 2014). Dai & Ding (2018) investigated the effects
of these two processes on the emission characteristics in late-
phase loops. It is shown that although both processes can gen-
erate an EUV late phase that is consistent with observations,
the hydrodynamic and thermodynamic evolutions in late-phase
loops are quite different for the two different processes.

In September 2011, a series of flares occurred in AR 11283.
Using a nonlinear force-free field (NLFFF) extrapolation prior
to the filament eruption as the initial condition in a model, Jiang
et al. (2013) performed a three-dimensional (3D) magnetohy-
drodynamic (MHD) simulation of the eruption on September 6.
The simulation reproduces the realistic initiation process nicely.
Prasad et al. (2020) also carried out MHD simulation of the mag-
netic null-point reconnections and coronal dimmings during the
X2.1 flare on September 6. Zhang et al. (2015) studied the M6.7
flare on September 8. The flare was triggered by the partial erup-
tion of the major part of a sigmoidal filament, while the ejec-
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tion of a runaway part caused a small and weak CME. Dai et al.
(2018) analyzed an M1.2 confined flare with an extremely large
EUV late phase on September 9. Using the EBTEL code, the
authors modeled the EUV emissions of a late-phase loop, obtain-
ing a peak heating rate of 1.1 ergcm™ s™!. Energy partition in a
confined flare with an EUV late phase has not been studied until
now.

In this paper, we reanalyze the M1.2 flare on 2011 Septem-
ber 9, with a focus on the energy partition building on the work
of Dai et al. (2018). The rest of the paper is organized as follows.
In Sect. 2, we describe the observations and data analysis. The
calculations of different energy components are elucidated in
Sect. 3. We compare our findings with previous works in Sect. 4
and we give a brief summary in Sect. 5.

2. Observations and data analysis

We used multiwavelength observations from SDO, GOES, and
RHESSI. The Atmospheric Imaging Assembly (AIA; Lemen
et al. 2012) on board the SDO takes full-disk images in two UV
(1600 and 1700 A) and seven EUV (94, 131, 171, 193, 211, 304,
and 335 A) wavelengths. The photospheric line-of-sight (LOS)
and vector magnetograms were observed by the Helioseismic
and Magnetic Imager (HMI; Scherrer et al. 2012) on board the
SDO. The AIA and HMI level_1 data are calibrated using the
standard Solar Software (SSW) programs aia_prep.pro and
hmi_prep.pro, respectively. The irradiance from a broad band
ranging from 1-70 A was directly measured by the EUV Spec-
troPhotometer (ESP) on board EVE. The Multiple EUV Grating
Spectrographs (MEGS)-A on board EVE, covering the 6—37 nm
range, records a complete spectrum with a time cadence of 10s
and a spectra resolution of 1A. The standard SSW program
eve_integrate_line.pro was employed to integrate irradi-
ance over 70-370 A using the EVS spectral data from MEGS-
A. SXR light curves of the flare in 0.5-4A and 1-8 A were
recorded by the GOES spacecraft. The isothermal temperature
(T.) and emission measure (EM) of the SXR-emitting plasma
are derived from the ratio of GOES fluxes (White et al. 2005).

To derive the background-subtracted HXR spectra observed
by RHESSI, the pulse pileup correction, energy gain correc-
tion, and isotropic albedo photo correction are conducted. To
obtain the properties of flare-accelerated electrons, we fit the
HXR spectra by the combination of an isothermal component
determined by the isothermal temperature and EM and a non-
thermal component created by the thick-target bremsstrahlung of
energetic electrons with a low-energy cutoff (Warmuth & Mann
2016a; Xia et al. 2021). The spectral fitting is conducted using
the OSPEX' software built in SSW. The observational parame-
ters are summarized in Table 1.

3. Energy partition
3.1. Overview of the event

As described in Dai et al. (2018), the confined M1.2 flare in
AR 11283 (N16W56) underwent two-stage energy release in
the impulsive phase. The first stage, peaking at ~12:42:30 UT,
resulted from magnetic reconnection at the null point and the
surrounding quasi-sepatratrix layer (QSL; Demoulin et al. 1996)
after the underlying flux rope rose up. The second stage, peaking
at ~12:47:30 UT, resulted from magnetic reconnection between

! https://hesperia.gsfc.nasa.gov/ssw/packages/spex/
doc/ospex_explanation.htm
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Table 1. Description of the observational parameters.

Instrument A Cadence Pixel size
(A) (s) (")

SDO/AIA 131, 335 12 0.6

SDO/AIA 1600 24 0.6

SDO/HMI 6173 45,720 0.6

SDO/EVE 1-70 0.25

SDO/EVE 70-370 10

GOES 0.5-4 2.05

GOES 1-8 2.05 ...

RHESSI 3-100 keV 4.0 2.0

12:49:09

Y (arcsecs)

600 700 800
X (arcsecs)

900

12:49:15 main phase 13:37:27 late phase

main flaring loops late-phase loops

335 A

335 A (c)

Fig. 1. a: AIA 131 A image at 12:49:09 UT. The white dashed box delin-
eates the flare region. The arrow points to the M1.2 flare. b: closeup
of the flare region. ¢ and d: AIA 335A images at 12:49:15UT and
13:37:27 UT. The arrows point to the short main flaring loops and long
late-phase loops. The whole evolution of the event observed in 131 A
and 335 A is shown in a movie (flare.mp4) that is available online.

the two legs of the field lines stretched by the flux rope that
underwent a failed eruption. The first stage is markedly more
impulsive than the second one.

In Fig. 1, the AIA 131 A image observed at 12:49:09 UT is
shown in panel a. The flare region composed of very hot plasma
is enclosed by the white dashed box. A closeup of the flare
region is shown in panel b. The AIA335A images observed
at 12:49:15UT and 13:37:27 UT, representing the main phase
and EUV late phase, are displayed in the bottom panels. The
short, compact main flaring loops and long, dispersed late-phase
loops are indicated by the arrows. Dai et al. (2018) proposed that
the reconnections during the first and second stages are respon-
sible for the EUV emissions of the late-phase loops and main
flaring loops, respectively. However, the observations seem not
to be in agreement with this point since the bright main flaring
loops are clearly heated in both stages. Hence, we propose that
the first-stage release is responsible for the heating of main flar-
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Fig. 2. a: SXR light curves of the flare in 0.5-4 A and 1-8 A. The
magenta dashed line represents the background intensity. b: time deriva-
tive of the flux in 1-8 A (black line) and HXR light curve at 12-25keV
(orange line). The red dashed lines denote the peak times of two-stage
energy release. ¢: time evolution of the flare temperature (7.) and the
emission measure (EM) derived from GOES observations. d and e: time
evolution of the integral intensity of the flare in 131 A and 335A. The
orange dashed line denotes the peak time of EUV late phase. f and g:
light curves of the flare in 1-70 and 70~370 A. The magenta and green
dashed lines represent the background intensities, respectively.

14:30

ing loops and late-phase loops, while the second-stage release
is uniquely responsible for the heating of main flaring loops. In
other words, the main flaring loops are heated twice, while the
late-phase loops are heated once (see Fig. Se of Dai et al. 2018).

In Fig. 2, SXR light curves in 0.5-4.0 A and 1-8 A are plot-
ted with cyan and magenta lines in panel a. The SXR fluxes
increase rapidly from ~12:39 UT to the peak at 12:49:19 UT,
before declining gradually to ~14:30 UT. Hence, the lifetime of
the flare reaches ~110 min. The time derivative of the 1-8 A flux
during 12:30-13:00 UT is plotted with a black line in Fig. 2b.
The HXR light curve at 12-25keV from RHESSI observation
is superposed with an orange line in Fig. 2b. Two peaks at
~12:42:30 UT and ~12:47:30 UT signify the two-stage energy
release (see also Fig. 5f of Dai et al. 2018). The 131 A and 335 A
intensities within the white dashed box of Fig. 1b are accumu-
lated. The time evolutions of their total emissions are displayed
in Figs. 2d and e (see also Fig. 1 of Dai et al. 2018). The 131 A
light curve shows a good correlation with the 1-8 A light curve.
The peak time of EUV late phase in 335 A is ~13:37:30 UT,
which has a delay of ~48 min relative to the SXR peak time.
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Fig. 3. Background-subtracted light curves of the flare in 1-8 A,

1-70 A, and 70-370 A.

In the following, we focus on different energy contents of the
flare.

3.2. Radiated energy

First, we calculate the radiated energy in GOES 1-8 A. We note
that the GOES XRS fluxes have been corrected by a factor of
~1.5 (Woods et al. 2017). In Fig. 2a, the flux that comes well
before the flare impulsive phase is considered as the background
radiation (magenta dashed line). The background-subtracted
light curve (fj_g) is plotted in Fig. 3a. The radiated energy is
calculated by integrating f;_g during 12:39—-14:30 UT after mul-
tiplying a factor of ¢ = 107 x 27d*> = 1.406 x 10°° m?, where
d = 1.496 x 10'" m represents the average distance between the
Sun and Earth (Zhang et al. 2019). The radiated energy in 1-8 A
is estimated to be ~3.1 X 10?8 erg and is listed in the first column
of Table 2. .

Secondly, we calculate the radiated energy in EVE 1-70 A.
The 1-70 A light curve of the flare is plotted in Fig. 2f. As in
1-8 A, the flux well before the flare impulsive phase is con-
sidered as the background radiation (magenta dashed line). The
background-subtracted light curve (fij_70) is plotted in Fig. 3b.
The radiated energy is calculated by integrating fij_79 during
12:39-14:30 UT after multiplying cp. The radiated energy in
1-70 A is estimated to be ~5.4 x 10°° erg, which is ~180 times
larger than that in 1-8 A.

Finally, we calculate the radiated energy in EVE 70-370 A.
The 70-370 A light curve of the flare is plotted in Fig. 2g.
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Likewise, the flux well before the flare impulsive phase is con-
sidered as the background radiation (green dashed line). The
background-subtracted light curve (f70-370) is plotted in Fig. 3c.
The radiated energy is calculated by integrating f70-370 during
12:39-14:30 UT after multiplying cy. The calculated radiated
energy (4.7 x 10%° erg) in 70-370 A is one order of magnitude
lower than the radiative output in 1-70 A. Hence, the total radi-
ated energy in 1-370 A reaches ~5.9 x 10% erg.

3.3. Radiative loss from the SXR-emitting plasma

As described in Feng et al. (2013), the total optically thin radia-
tive loss from the SXR-emitting plasma is calculated based on
EM and T, derived from GOES observations, which are drawn
with blue and red lines in Fig. 2c.

Trua = f TEM() x A(T()dr, (1)

31

where A(T.) denotes the radiative loss function (Cox &
Tucker 1969), which is shown in Fig. 8 of Zhang et al.
(2019). The start and end times for the integral are set to be
12:39UT and 14:00 UT, since the signals after 14:00 UT are
chaotic and unconvincing. The value of Ty, is estimated to be
~1.1x10% erg and is listed in the sixth column of Table 2. Ty
is ~36 times larger than the radiation in 1-8 A, which is in line
with previous results for confined flares (Zhang et al. 2019; Cai
et al. 2021).

3.4. Peak thermal energy of the SXR-emitting plasma

The thermal energy of the SXR-emitting plasma is calculated
as:

Eq = 3ncksTofV = 3ksTe VEM X fV, 2)

where n, = VEM/V is the electron number density, kg = 1.38 X
1079 erg K~! is the Boltzmann constant, V is the total volume of
the hot plasma, and f = 1 represents the volumetric filling factor
(Stoiser et al. 2007; Emslie et al. 2012).

Despite the large size of flare region in Fig. 1b, we note that
a significant proportion of the flare region is not filled with hot
plasma in 3D, which is indicated in Fig. 7c of Dai et al. (2018).
Therefore, the volume of the SXR-emitting plasma is given as
the total volume of magnetic flux tubes rooted in the three flare
ribbons (R1, R2, and R3) in the chromosphere. In Fig. 4, the left
panel shows the AIA 1600 A image at 12:42:41 UT. Two paral-
lel ribbons (R1 and R2) and one short ribbon (R3) very close
to R2 are obviously demonstrated. Three representative points
(green lines) on R1 are selected. In panels b—d, the intensity dis-
tributions across the ribbon are displayed with blue lines and
the results of Gaussian fitting are displayed with red lines. The
full width at half maximum (FWHM) of the Gauss function lies
in the range from 1”75 to 2”". The mean value (1”/8) is taken to
be the width of flare ribbons. The area of R1 can be expressed
as Ar; = [r; X w, where lg; = 115” and w = 1”78 denote the
length and width of R1. Likewise, the area of R2 is expressed as
Agro = Irs X w, where Iz, = 130" and w = 1”78 denote the length
and width of R2.

As mentioned above, the post-flare loops are composed of
two groups: the short main flaring loops and long late-phase
loops. The former is rooted in R2 and R3, and the latter is rooted
in R1 and R2. In Fig. 5, we draw a simplified schematic cartoon
to illustrate the magnetic connections from top view and side
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Table 2. Energy components (in units of 10’ erg) for the M1.2 flare.

1-8A 1-70A 70-370A

1-370A  T.q

Ey,

E nth Emag

3.1e-2 54 4.7e-1 5.9

1.1 1.7-18 1.7-22 91

““““““““

12:42:41 FWHM=2.0" | FWHM=1.5" | FWHM=1.8"

(a)

,fRZ A

|

R3,

Y (arcsecs)
7 [10° DN s
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-4 -2 0 2 4-4 -2 0 2 4-4 -2 0 2 4
s [arcsec]
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650 700

X (arcsecs) s [arcsec] s [arcsec]

Fig. 4. a: AIA 1600 A image at 12:42:41 UT. R1, R2, and R3 signify
the three flare ribbons. Three representative points (green lines) are
selected. b—d: intensity distributions across the ribbon (blue lines) and
results of Gaussian fitting (red lines). The values of FWHM are labeled.

main flaring loops

(a) top view (b) side view

Fig. 5. Schematic cartoon showing the top view (a) and side view (b) of
the main flaring loops (magenta lines) and late-phase loops (cyan lines),
respectively.

view. Both the main flaring loops (magenta lines) and late-phase
loops (cyan lines) are assumed to have a semi-circular shape.
The footpoint area of main flaring loops is taken to be equal
to Aro and the footpoint area of late-phase loops is taken to be
equal to Ag;. The calculated values of Ag; and Ag; are listed in
the second column of Table 3. The total length (2L) of the main
flaring loops and late-phase loops are taken to be 10-25Mm
and ~110 Mm based on the stereoscopic measurement (Dai et al.
2018), which are listed in the third column of Table 3. Accord-
ingly, the volume of main flaring loops is calculated to be
2LxAgs = (1.2-3.0)x 10?7 cm?. The volume of late-phase loops
is calculated to be 2L x Ag; = 1.2 x 10%® cm?. The total vol-
ume of post-flare loops consisting of the main-flaring loops and
late-phase loops has a range (1.3—1.5) x 10?® cm3. According to
Eq. (2), the peak thermal energy of the flare is calculated to be
(1.7-1.8) x 103 erg and is listed in the sixth column of Table 2.
The heating requirement of hot plasma, including the peak ther-
mal energy and radiative loss, is (2.8—2.9) x 10°" erg.

3.5. Energy input in main flaring loops and EUV late-phase
loops

Using the EBTEL code and observed parameters, Dai et al.
(2018) performed a zero-dimensional (0D) numerical simulation
to study the thermodynamic evolution of a typical EUV late-

phase loop. The imposed heating rate as a function of time is
expressed as:

(-1p)?

H(t) = Hye™ =,

3)

where H, denotes the amplitude of heating rate and 7 = 23s
denotes the Gaussian heating duration. The best-fit value of H
(1.1ergem™ s71) is larger than previously reported values (Sun
et al. 2013; Li et al. 2014; Zhou et al. 2019). The energy input
in the flare loops is expressed as Ej, = V X f H(t)dterg. Assum-
ing that the heating durations and amplitudes of heating rate
are the same for each of the late-phase loops, the energy input
in late-phase loops reaches ~7.7 x 10?° erg. For the main flar-
ing loops (as mentioned in Sect. 3.1), both of the two-stage
energy release processes contribute to the heating. Hence, the
heating duration of the main flaring loops is double compared
with the late-phase loops. Assuming that the amplitude of heat-
ing rate is equal to Hy, the energy input in the main flaring loops
is estimated to be (1.5-3.8)x 10% erg. Based on the EBTEL
simulation, the energy input in the post-flare loops amounts to
(9.2-11.5) x 10% erg.

3.6. Nonthermal energy in flare-accelerated electrons

Under the thick-target assumption (Fletcher et al. 2013),
HXR emissions at the footpoints are produced by collisional
bremsstrahlung during the passage of flare-accelerated nonther-
mal electrons through a dense target, where the electrons are
stopped by Coulomb collisions and lose energy in the chro-
mosphere. The localized plasma can be heated up to ~10 MK
accompanied by chromospheric evaporation and condensation
(Tian et al. 2014; Li et al. 2015; Zhang et al. 2016a,b; Zhou et al.
2020). The distribution of injected nonthermal electrons above
a low-energy cutoff (E) is assumed to be in the form of single
power law with a spectral index of 6, Fo(Ey) = AoE;°, where
Ay is a normalized parameter of the total electron flux (in units
of 10% electrons s7!). In Fig. 6, three characteristic HXR spectra
made from detector 9 of RHESSI during the first stage of energy
release are displayed. In each panel, the fitted thermal compo-
nent is drawn with a red line, while the nonthermal component
is drawn with a blue line. It is obvious that the isothermal tem-
peratures from RHESSI are close to those derived from GOES.

The delivered energy by nonthermal electrons above
E. is calculated by integrating the injected power during
12:40-12:46 UT,

4, ~En
Ene = An f f EoFo(Eo)dEodr, @
# JE.

where A, is the electron injection area, Ey is set to be 30 MeV
(Warmuth & Mann 2016a). The nonthermal energy in flare-
accelerated electrons during the first stage is estimated to be
~1.74 x 10 erg.

Considering that the HXR observation from RHESSI was
unavailable during the second stage of energy release around
12:47:30 UT, it is impossible to calculate the nonthermal energy
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Table 3. Physical parameters of the main flaring loops and late-phase loops, including the footpoint area, total loop length, volume, and energy

input.
A 2L Vv Ei
(10%cm?) Mm) (107 cm?) (10% erg)
Main flaring loops 1.2 10-25 1.2-3.0 1.5-3.8
Late-phase loops 1.1 110 12.1 7.7
09-sep—11 12:41:40 UT +20 s 09-sep—11 12:42:40 UT +20 s 09-sep—11 12:43:40 UT +20 s
m,i(") X2 0.74 180 X2 0.40 118 e 0.82
~ 5 59 & 62 6 102 HMI LOS 12:20:07
‘% E. 15.0 kev E. 15.9 kev E. 16.6 keV
i‘u EM 0.07x10" cm™ || EM 0.46x10* cm™| EM 1.75x10% cm™| 250
5§ T 127 MK T 145 MK [~ T 14.0 MK
é 10°
s N AN o 200
L A L A . N o
2 n
g o
- 10 100 10 100 10 10¢ >
Photon Energy (keV) Photon Energy (keV) Photon Energy (keV) 150
Fig. 6. Three characteristic HXR spectra with an integration time of
20 s (black lines) and the fitted thermal (red lines) and nonthermal (blue
lines) components. T, and EM of the thermal component are labeled.
The low-energy cutoff (E.), spectral index (6) of nonthermal electrons, 100

and )(ZR of the residuals are also labeled.

of electrons from RHESSI during the second stage. In Fig. 2b,
the second peak of GOES derivative accounts for ~1/4 of the
first peak, implying that energy input during the second stage
accounts for ~1/4 of the first stage. In this way, the nonther-
mal energy in the flare-accelerated electrons during the sec-
ond stage is crudely estimated to be 0.44 x 10°° erg. Therefore,
the total nonthermal energy in electrons lies in the range of
(1.7-2.2) x 103 erg. It is clear that the nonthermal energy input
by flare-accelerated electrons is slightly larger than the peak
thermal energy and is adequate to provide the energy input of
main flaring loops and late-phase loops, which is consistent with
the collisional thick-target model.

3.7. Magnetic free energy

As mentioned in Sect. 1, the energies in flares and CMEs come
from the pre-stored free energy in the non-potential magnetic
fields prior to eruption (Aschwanden et al. 2014). The mag-

netic energy is defined as Ey, = |, g—;dV. The free energy of

the non-potential field is defined as Enye = EN — EF, where
ENP and EP signify the magnetic energies in the non-potential
and potential field (Guo et al. 2008). Figure 7 shows the HMI
LOS magnetogram at 12:20:07 UT, featuring a strong positive
polarity (P2) surrounded by negative polarities (N1). A weak and
disperse positive polarity (P1) is located to the east of N1. The
3D magnetic topology of AR 11283 at 12:20 UT is obtained by
using the NLFFF extrapolation (see Fig. 7 of Dai et al. 2018).
The magnetic free energy before the flare is calculated to be
9.1 x 10%! erg, which is on the same order of magnitude as the
X3.4 flare on 2006 December 13 (Guo et al. 2008). It is clear that
the magnetic free energy is >40 times higher than the nonther-
mal energy in electrons. Therefore, the free energy is sufficient
to account for the plasma heating, the acceleration of nonthermal
particles, and radiations.

A88, page 6 of 7

700
X (arcsec)

750 800

Fig. 7. HMI LOS magnetogram at 12:20:07 UT. P1 and P2 denote the
positive polarities. N1 denotes the negative polarities surrounding P2.

4. Discussion

Thus far, complete investigations of energy partition in eruptive
flares are abundant (Emslie et al. 2004, 2005, 2012; Warmuth &
Mann 2016a,b; Aschwanden et al. 2017). However, the energy
partition in confined flares is rarely explored. Zhang et al. (2019)
calculated the energy components of two M1.1 confined flares
in AR 12434, finding that the two flares bear some similarity
in morphology, evolution, and energy partition. In addition, the
nonthermal energy in electrons is sufficient to supply the total
heating requirement. In this paper, the M1.2 flare in AR 11283
has a much longer lifetime (~110 min) owing to the extremely
large EUV late phase. The radiated energy in 1-70 A and total
radiative loss are four to six times larger than the M1.1 CRFs.
The peak thermal energy is comparable with that of CRFs. The
nonthermal energy in electrons account for ~50% that of CRFs.

The separate radiated energies in the main phase and late
phase may change from case to case. For the M 1.0 confined flare
on 2010 November 5, the radiation in EVE 6—37 nm in the late
phase is significantly larger than that in the main phase (Liu et al.
2015). On the contrary, for the X1.3 eruptive flare on 2014 April
25, the radiation in the main phase is twelve times larger than that
in the late phase (Zhou et al. 2019). For the M 1.2 flare considered
in our study, there is no distinct demarcation point between the
main phase and late phase.

Motorina et al. (2020) studied a flare as a result of loop-loop
interaction on 2013 November 5. One loop is tenuous and hot,
while the other is dense and cool. The released magnetic energy
is converted to the nonthermal energy of accelerated electrons
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with a high efficiency and further converted to the thermal energy
of the plasma. Meanwhile, the energy is deposited equally in the
two flaring loops. In our study, the main flaring loops are short
(10—25Mm) and the late-phase loops are long (~110 Mm). The
ratio of energy input in the main flaring loops to that in late-phase
loops is <1/2 (see Table 3).

It should be emphasized that our calculation of energy com-
ponents has its limitations. The estimation of volume of the
SXR-emitting plasma is based on a simplified schematic cartoon
considering that the true morphology of the evolving post-flare
loops is unknown. The calculation of nonthermal energy in flare-
accelerated electrons carries a large uncertainty since there was
no HXR observation during the second stage of energy release.
In addition, the nonthermal energy in flare-accelerated ions is not
considered. The energy transported to the upper chromosphere
by Alfvén wave is not easy to quantify (Fletcher & Hudson 2008;
Reep & Russell 2016). Subsequent case studies are needed to get
a better understanding of the complete energy partition in con-
fined flares.

5. Summary

In this paper, we reanalyze the M1.2 confined flare with a large
EUYV late phase observed by SDO, GOES, and RHESSI on 2011
September 9, with a focus on its energy partition. We calcu-
late various energy components of the flare, including the mag-
netic free energy, peak thermal energy, nonthermal energy of
flare-accelerated electrons, total radiative loss of hot plasma, and
radiative outputs in 1-8 A, 1-70 A, and 70—370 A. The main
results are summarized below:

1. The radiation (~5.4x 10 erg) in 1-70 A is nearly eleven
times larger than the radiation in 70-370 A, and is nearly
180 times larger than the radiation in 1-8 A.

2. The peak thermal energy of the post-flare loops is estimated
to be (1.7-1.8) x 10*° erg based on a simplified schematic
cartoon. Based on previous results of EBTEL simulation, the
energy inputs in the main flaring loops and late-phase loops
are (1.5-3.8) x 10* erg and 7.7 x 10 erg, respectively.

3. The nonthermal energy ((1.7-2.2) x 10°° erg) of the flare-
accelerated electrons is comparable to the peak thermal
energy and is sufficient to provide the energy input of the
main flaring loops and late-phase loops. The magnetic free
energy (9.1 x 10°! erg) before flare is large enough to pro-
vide the heating requirement and radiation, corroborating the
magnetic origin of confined flares.
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