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Abstract. In this paper, we present the thermal and non-thermal characteristics of solar plasma producing
microflares in 4–12 keV energy range. The X-ray spectra of 10 B-class solar microflares observed by the silicon
(Si) detector (4–25 keV) on-board solar X-ray spectrometer (SOXS) mission were analysed in 4–12 keV energy
range. We employed forward fitting for the spectral modelling of thermal and non-thermal components of X-ray
spectra with isothermal, multithermal and single power-law functions in order to determine flare parameters. The fit
results obtained from the combination of isothermal and single power-law functions yield a weighted mean value of
emission measure (EM) ≈ 0.0203 × 1049 cm−3 , plasma temperature [Case (1)] T (1) ≈ 10.24 MK and non-thermal
spectral index γ (1) ≈ 3.90. The fit results obtained from the combination of multithermal and single power-law
functions yield a weighted mean value of differential emission measure, (DEM) ≈ 0.00116 × 1049 cm−3 keV−1 ,
plasma temperature [Case (2)], T (2) ≈ 12.90 MK, thermal spectral index, δ ≈ 4.06 and non-thermal spectral
index, γ (2) ≈ 3.81. Further, we obtained the mean value of conduction cooling time, τc (T ) ≈ 283 s at 11.6 MK,
thermal energy, E th ≈ 0.50 × 1029 erg and thermal–non-thermal cross-over energy, th ≈ 9.23 keV. In this analysis,
the obtained results were found to be compatible with the earlier analysis carried out for the microflares through
Reuven Ramety High Energy Solar Spectroscopic Imager (RHESSI), Solar Dynamics Observatory/Atmospheric
Imaging Assembly (SDO/AIA) and NuSTAR observations. Here, we observed that EM decreases with increasing
plasma temperature (T ). We find that τc (T ) scale with plasma temperature (T ) with an inverse gradient exhibits time
delay characteristic of the cooling process of plasma. The correlation of E th and temperature (T ) shows moderate
anticorrelation. The present analysis demonstrates the multithermal plasma model and conduction cooling process
during high temperature of microflares (similar to large flares) followed by radiative cooling in post-flare.
Keywords. Solar microflares; thermal emissions; conduction cooling; solar X-ray spectrometer mission.
PACS No. 12.60.Jv; 12.10.Dm; 98.80.Cq; 11.30.Hv

1. Introduction
The study of solar microflares having ≈1027 erg energy
is considered to be very crucial in solar physics. It
is because of the energy release by these microflares
that the proposed mechanism for heating of solar chromospheres, particularly the corona, whose temperature
is in millions of kelvins, is still an unsolved mystery
[1–3]. Recent results on microflares demonstrate that
they are the most frequent phenomena in the solar
atmosphere at active regions (AR). The Geostationary Operational Environmental Satellite (GOES) system
observed ≈11,558 B-class flares between 1976 and
2000 [4]. Reuven Ramety High Energy Solar Spectroscopic Imager (RHESSI) observed microflares below
15 keV, which was earlier not possible due to lack

of sensitivity of instruments. Observations of RHESSI
demonstrate that microflares are localised phenomena
and originate from the AR. The RHESSI observed
≈24,097 events which originate from the AR between
March 2002 and March 2007 [5]. The RHESSI observations reveal that microflares are associated with the
AR and the X-ray time profile is similar to large flares.
Microflares show an elongated loop-like structure and
are not spatially small [5].
Hannah et al [6] studied ≈25,000 solar microflares
of low C-class, B-class and high A-class observed from
RHESSI observations in 6–12 keV energy range and
found the statistics of key flare parameters such as
plasma temperature (T ) of the order of 13 MK and EM
of the order of 3×1046 cm−3 . Hannah et al [6] observed
that microflares are similar events as in other higher class
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of flares, say C, M and X GOES classes. They concluded
that the plasma is heated to thermal and non-thermal in
distribution. A study carried out by Ryan et al [7] on
≈50,000 B to X GOES class flare events demonstrates
that EM depends on the GOES X-ray flux as a power
law, while the temperature (T ) depends as a logarithm.
Inglis and Christe [8] observed the differential emission measure (DEM) and energetics of the B-class solar
microflares from the Atmospheric Imaging Assembly
(AIA) on-board the Solar Dynamics Observatory (SDO)
and RHESSI. They found that microflare plasma can
be considered to be multithermal, which is an important consideration for solar microflares that substantially
alters thermal and non-thermal energy contents. E th
was found in a domain of (0.39–1.5) × 1029 erg, while
non-thermal energy (E nth ) was found in a domain of
(0.7–8.0) × 1028 erg. The solar X-ray spectrometer mission (SOXS) observation shows that the thermal X-ray
emissions of photon energy <8 keV originate from the
thermal distribution of the plasma while above it from
the non-thermal distribution of plasma in microflares
[9]. Gupta et al [10] found from the SOXS observations that microflares have temperature (T ) >9 MK
and can heat the corona. Aschwanden [11] investigated
the nature of thermal plasma in terms of multithermal
plasma using the spectral–temporal soft and hard Xray flux (>10 keV) observed from the RHESSI for the
large C-class flares. Aschwanden [11] time-delay analysis in terms of multithermal plasma demonstrates that
τc (T ) scale with temperature (T ) as τc (T ) ∝ T −β with
β = 2.7 ± 1.2. In a recent analysis carried out on
GOES A-class microflares from the Nuclear Spectroscopic Telescope ARray (NuSTAR), hard X-ray (2.5–78
keV) observations demonstrate emission up to 10 MK
and the thermal energy of the order of ∼1028 erg [12].
In spite of the fact that several studies are devoted
to characterise microflares and solve coronal heating
problems, the study of microflares is far from complete.
Therefore, in this paper, we investigate 10 B-class solar
microflares in 4–12 keV energy range observed by the
SOXS mission. Silicon (Si) detector on-board the SOXS
mission provides very reliable X-ray spectra of the
microflares due to its dynamic energy range of 4–25 keV,
temporal resolution of 100 ms and spectral resolution
of ∼0.8 keV [13,14]. From the analysis, we obtained
the best-fit thermal and non-thermal parameters such as
EM, DEM, plasma temperature (T ), εth , γth , etc. We
further compare our results with the RHESSI (for Bclass and large C-class), SDO/AIA (large B-class) and
NuSTAR (for A-class) observations. We also show the
thermal plasma in the 4–12 keV energy range is multithermal in nature. The detailed analysis is presented
in the next sections. Section 2 provides the complete
list of GOES important microflares and details about
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the SOXS mission. In this section, we discuss about the
spectral fitting methodology, observations and computation of flare plasma parameters. In §3, we present the
discussion of the analysis. In §4, we present the conclusions of the analysis.

2. Method and observations
2.1 SOXS mission and event list
Here, we employed X-ray observations of 10 GOES
B-class solar microflares recorded by the Si detector
on-board SOXS mission [13,14]. A list of microflares is
given in table 1 along with time, location and National
Oceanic and Atmospheric Administration (NOAA)
active region number and flare duration (tf ). An example of a light curve of a solar flare event occurred on 27
April 2007 and observed by the SOXS mission in different energy bands (4.0–5.7, 5.7–8.3, 8.3–11.9, 11.9–17.1
and 17.1–24.7 keV) is shown in figure 1. Here, the
microflares could be identified from the peaks of the
background X-ray flux.
It may be noted that the SOXS mission employed
Si and cadmium zinc telluride (CZT) PIN diodes to
observe the X-ray emission from the solar corona. The
Si detector had dynamic energy range 4–25 keV, temporal resolution 100 ms and spectral resolution ∼0.8 keV.
The dynamic energy range of the CZT diode was 4–56
keV. The spectral and temporal resolution of CZT diode
was around 1.7 keV and around 100 ms during flare,
respectively. During its operation, the SOXS observed
M-, C- and B-class solar flares in X-rays [13,14]. The
observed X-ray dataset of SOXS mission for a period
of ∼8 years during 2003–2011 is available and could
be assessed from the solar data archive in the web page
of RHESSI mission of NASA (http://hesperia.gsfc.nasa.
gov/SOXS/).
2.2 Background subtraction and spectra preparation
Background subtraction is a major component of the
X-ray spectral analysis. In the X-ray light curve, preflare flux is considered as the background. For example,
the light curve shown in figure 1 of 27 April 2007
solar microflare; the flux before the onset 04:36 UT
is considered as the background. In this analysis, we
subtracted the background of each flare and constructed
the reliable X-ray spectra using Object Spectral Executive (OSPEX). ‘OSPEX is a IDL-based software of the
SSWIDL software package and provides a facility to
read SOXS data to select and subtract the background,
to select time intervals of interest, to select a combination of photon flux model components and to fit
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Table 1. List of microflares and their physical characteristics observed by the Si detector in 4–25 keV energy range on-board
the SOXS mission.
Sl. No.
1
2
3
4
5
6
7
8
9
10

Flare date

Start time
(UT)

Peak time
(UT)

End time
(UT)

GOES
class

23-11-2003
25-02-2004
25-02-2004
04-03-2004
01-05-2004
22-06-2004
09-08-2004
13-08-2006
27-04-2007
03-06-2007

03:52:00
04:24:00
05:03:00
04:47:00
04:33:00
05:18:00
04:06:00
04:42:00
04:36:00
04:05:00

03:56:00
04:25:00
05:08:00
04:55:00
04:43:00
05:22:00
04:12:00
04:45:00
04:43:00
04:15:00

04:04:00
04:29:00
05:22:00
05:13:00
04:58:00
05:25:00
04:18:00
04:47:00
05:02:00
04:31:00

B8.8
B9.2
B9.8
B9.6
B8.9
B8.1
B9.2
B7.5
B8.0
B9.5

NOAA
location

NOAA active
region

Flare duration
(tf ) (s)

NA
N13W03
N14W03
NA
S10W25
S13W15
S12E45
S14E38
S13E60
NA

NA
10564
10564
NA
10601
10635
10656
10904
10953
NA

720
300
1140
1560
1500
420
720
300
1560
1440

2.3 Spectral fitting and error estimation

Figure 1. X-ray light curve of a solar microflare event
observed by the SOXS mission on 27 April 2007 in 4–25
keV energy range.

The investigation of the observed X-ray spectra
provides an opportunity to disentangle the radiation
emitted by thermal and non-thermal electrons (accelerated electrons) and to determine the physical conditions
of the emitting plasma. The thermal component of the
X-ray spectrum can be described with a thermal photon
(Maxwellian distribution) model and the high-energy
component of the spectrum with a non-thermal powerlaw distribution function. The spectral photon flux of
the isothermal distribution of plasma at the Earth is
described by eq. (1) [15]. On the other hand, the thermal X-ray spectra F() of the multithermal plasma with
temperature T as a function of photon energy  = hν
are described by eq. (2) [16,17]:


κT
−43
2
F() = 5.9 × 10 n()Z ln 2



EM −/κ T
× √
e
,
(1)
T

  −/κ T  
DEM(T )
e
dT.
(2)
F() = F0
√
dT
T

those components to the spectrum in each selected time
interval with the model [6]’.
After the subtraction of the background, another
important component of the spectral analysis is the spectra preparation. As our sample pertains to microflares,
we constructed statistically significant spectrum by
integrating observations for the whole flare duration.
Therefore, we combined the onset to the decay phase
of the flare event to make reliable X-ray spectra. However, three relatively moderate intensity class flares were
divided into as large as five intervals.

In eq. (1), T is the plasma temperature in K, EM is
the emission measure, n() is the refractive index of
the medium and Z is the average atomic number (usually 1.2 in the solar corona). In eq. (2), F0 = 8.1 ×
10−39 keV S−1 cm−2 keV−1 and dEM/dT specifies the
temperature sensitivity of the DEM in the volume element dV with temperature T and electron density n e .
On the other hand, it is known that the spectral
analysis through forward fitting enables us to model
line, thermal and non-thermal emission components
of the observed flare spectra using the isothermal or
multithermal and single or broken power-law functions. The OSPEX package provides the platform for
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forward fitting with fit functions and CHIANTI database
[18]. In the OSPEX, during the forward fitting, a model
photon spectrum into a model count spectrum through
the spectral response matrix (SRM) compares it with
the observed count spectrum, iteratively adjusting the
model parameters until a local minimum in χ 2 is found.
χ 2 is defined by
χ2 =

 (Rim − Rio )2
.
(wi )2

(3)

In eq. (3), Rim is the measured count rate while Rio is
the observed count rate of the photon, wi are the number of counts observed in a given set of energy loss in
a given time interval. It may be noted that the model
fitting with the local minimum in χ 2 produces substantial fraction of uncertainty (σ ) which is required to be
established. The fit parameter errors estimated by the
OSPEX are based on the curvature matrix in parameter
space and assume that the curvature has a local Gaussian symmetrical shape. They are a good first estimate
of the uncertainties when the best-fit parameters are well
defined and have symmetrical uncertainties [19]. While
carrying out the forward fitting, the sampling and fitting
process is repeated several times so that the distribution of values found is centred at the least uncertainty,
and the width of distribution estimates the uncertainty
(σ ). The normalised residuals (sigma) are defined as the
ratio of the difference between values of observations
and model and uncertainty (σ ).
In this analysis, we performed the forward fitting of
the X-ray spectra using isothermal, multithermal and
single power-law functions utilising the OSPEX routine and the fitted count spectrum was de-convoluted
over the instrumental response to obtain the photon
spectrum. For example, the thermal and non-thermal
components of the X-ray photon flux spectra of 3 June
2007 microflares during the rising phase of the flare
(04:10–04:15 UT) fitted with the isothermal and single
power-law function in 4–11 keV energy range are shown
in the upper left panel of figure 2 along with their normalised residuals (sigma) which are shown in the upper
right panel. In the upper left panel of figure 2, the thermal component of the spectra fitted with the isothermal
power-law function is plotted with the green line and
the non-thermal component fitted with the single powerlaw function is shown by the yellow line in 4–11 keV
energy range. Red colour line indicates an integrated
model fit line over the spectra. The pink curve shows
the background flux. The upper right panel of figure 2
shows the normalised residuals (sigma) of the fit parameters which correspond to the 95% confidence interval.
In this spectral fitting, the obtained parameters, which
are listed in the left bottom corner, are: EM = 0.0349 ×

1049 cm−3 , plasma temperature T (1) = 11.832 MK and
γ (1) = 4.73. The middle left panel of figure 2 shows the
fitted photon flux spectra in the energy interval 4–12 keV
during 04:15–04:20 UT, which correspond to the impulsive phase of the flare. The normalised residuals of the
spectral fitting is shown in the middle right panel of the
figure. The meaning of different colour lines is similar, as described above. Here, the obtained parameters
are: EM = 0.0925 × 1049 cm−3 , plasma temperature
T (1) = 10.7416 MK and γ (1) = 2.88. The bottom
left panel of figure 2 shows the fitted photon flux spectra in the energy interval 4–9 keV during 04:20–04:25
UT, which correspond to the gradual phase or decay
phase of the flare. The corresponding normalised residuals are shown in the bottom left panel of the figure.
During this phase, the non-thermal component was not
evident. Therefore, it is not fitted with the single powerlaw function. Here red line shows the isothermal fit over
the thermal component of the X-ray spectra. The pink
curve shows the background of the flux. During the gradual phase of the flare, the obtained thermal parameters
are: EM = 0.0594×1049 cm−3 and plasma temperature
T (1) = 9.7788 MK.
Further, in order to provide comparative thermal
characteristics, the X-ray spectra were also fitted with
multithermal power-law functions. One of the example of 3 June 2007 microflare photon flux spectra
fitted with the multithermal and single power-law functions is shown in figure 3. The upper left panel in
figure 3 shows the fitted photon flux spectra in the
energy domain 4–12 keV of its thermal and nonthermal components with the multithermal and single
power-law functions during the pre-phase of the flare
04:10–04:15 UT. The best-fit multithermal power-law
function is marked with the green line and the nonthermal component fitted with the single power-law
functions is shown by the yellow line over the spectra. Red colour indicates an integrated model fit line
over the spectra. The pink curve shows the background
flux. The obtained parameters are listed in the bottom of the figure. Here, the obtained parameters are:
DEM = 0.00594 × 1049 cm−3 keV−1 , plasma temperature T (2) = 14.848 MK, δ = 3.47 and γ (2) = 4.36.
The upper right panel shows the corresponding normalised residuals (sigma) of the spectral fitting. The
middle left panel of figure 3 shows the fitted photon
flux spectra in 4–11 keV energy range during time intervals 04:15–04:20 UT, which correspond to the impulsive
phase of the flare. Here, the colour of the lines has similar
meaning as explained above. Here, the obtained parameters are: DEM = 0.00959 × 1049 cm−3 keV−1 , plasma
temperature T (2) = 13.456 MK, δ = 3.77 and γ (2) =
3.77. The bottom left panel of figure 3 shows the fitted
photon flux spectra in 4–9 keV energy range with the
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Figure 2. Left panel of the figure shows the fitted photon flux X-ray spectra with the isothermal and single power-law
functions of a solar microflare observed on 3 June 2007 by the SOXS mission. In the top and middle panels, the fitted thermal
and non-thermal components of X-ray spectra with the isothermal and single power-law functions are shown by green line
and yellow line over the spectra, respectively. The bottom panel of the figure shows the fitted thermal component with the
isothermal function which is shown by the red line. The right panel of the figure shows the corresponding normalised residuals
(sigma) of the fitted spectra.

isothermal function during time intervals 04:20–04:25
UT, which correspond to gradual or decay phase of the
flare. During this interval, the non-thermal component
was not found, therefore, it is not fitted with the single power-law function. For this duration, the obtained
parameters are: DEM = 0.0122 × 1049 cm−3 keV−1 ,
plasma temperature T (2) = 11.5768 MK and δ = 3.00.
The corresponding normalised residuals are plotted in
the bottom right panel of figure 3.
It may be noted that similar fitting procedure was
employed over all the X-ray spectra that were

constructed from the 10 microflares, as listed in table 1.
The obtained parameters in each case of spectral
fitting, along with their uncertainty σ , are listed in
tables 2 and 3. In this analysis, the goodness of the
model fitting using the isothermal and single power-law
functions was found in the range χ 2 (1) = 0.76−2.83.
The goodness of the model fitting using the multithermal and single power-law functions was found in the
range χ 2 (2) = 0.75−2.00. The values of χ 2 (1) and
χ 2 (2) show a good fit of the functions over the X-ray
spectra.
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Figure 3. Left panel shows the fitted photon flux X-ray spectra with the multithermal and single power-law functions of a
solar microflare observed on 3 June 2007 by the SOXS mission. In the top and middle panels, the thermal and non-thermal
components of the X-ray spectra fitted with the multithermal and single power-law functions are shown by green and yellow
lines over the spectra. In the bottom panel, the thermal component of the X-ray spectra fitted with the multithermal function
is shown by the red line. The right panel of the figure shows the corresponding normalised residuals (sigma) of the fitted
spectra.

2.4 Estimated plasma parameters
The key flare parameters such as electron density (n e ),
τc (T ) and E th were computed from model equations.
The n e was computed from eq. (4) which is a relation
between the EM and plasma volume (V ):

EM = n 2e dV.
(4)
In eq. (4), n e denotes the electron density (cm−3 ),
V is the volume of the emitting plasma in cm3

and EM is the emission measure (1049 cm−3 ). For
estimating n e we employed V = 4.6 × 1026 cm3
from the study carried out by Hannah et al [6] for
the microflares in the energy domain 6–12 keV.
Employing EM = (0.007−0.09) × 1049 cm−3 , here
we estimate n e of the order of (1.3−3.7) ×
1010 cm−3 .
Further, τc (T ) was calculated using eqs (5) and (6). In
eq. (5), T is the flare peak temperature, T0 = 11.6 MK
and β = 5/2, and the thermal conduction cooling time
scale τc0 is given by eq. (6):
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Table 2. List of parameters and their associated uncertainty (σ ) obtained from the X-ray spectral fitting using a combination
of isothermal and single power-law fit functions.
Sl. No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Flare date

Fit interval

Fit energy

EM ± σ

T (1) ± σ

γ (1) ± σ

χ 2 (1)

23-11-2003
25-02-2004
25-02-2004
04-03-2004
01-05-2004
01-05-2004
01-05-2004
01-05-2004
01-05-2004
22-06-2004
09-08-2004
13-08-2006
27-04-2004
27-04-2004
27-04-2004
27-04-2004
03-06-2007
03-06-2007
03-06-2007
03-06-2007

03:52–03:56
04:24–04:29
05:03–05:22
04:44–05:10
04:33–04:38
04:38–04:43
04:43–04:48
04:48–04:53
04:53–04:58
05:18–05:25
04:06–04:18
03:52–04:04
04:36–04:41
04:41–04:46
04:46–04:51
04:51–04:56
04:05–04:10
04:10–04:15
04:15–04:20
04:20–04:25

4–8
5–8
4–9
5–9
4–10
4–10
4–10
4–10
4–10
4–9
4–9
4–9
4–9
4–10
4–10
4–8
4–11
4–11
4–12
4–9

0.0230 ± 0.0043
0.0090 ± 0.0013
0.0074 ± 0.0015
0.0234 ± 0.0034
0.0216 ± 0.0031
0.0369 ± 0.0039
0.0536 ± 0.0047
0.0616 ± 0.0091
0.0527 ± 0.0082
0.0170 ± 0.0030
0.0261 ± 0.0049
0.0214 ± 0.0036
0.0245 ± 0.0020
0.0401 ± 0.0033
0.0492 ± 0.0066
0.0252 ± 0.0070
0.0352 ± 0.0035
0.0349 ± 0.0062
0.0925 ± 0.0056
0.0594 ± 0.0066

9.57 ± 0.020
10.95 ± 0.028
11.36 ± 0.029
10.20 ± 0.017
10.37 ± 0.018
10.27 ± 0.013
10.15 ± 0.010
8.93 ± 0.015
8.55 ± 0.015
11.90 ± 0.030
9.53 ± 0.020
10.61 ± 0.021
10.79 ± 0.011
10.93 ± 0.011
9.37 ± 0.014
8.66 ± 0.028
11.81 ± 0.025
11.41 ± 0.020
10.83 ± 0.008
9.32 ± 0.012

–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
4.80 ± 0.67
4.73 ± 0.71
2.88 ± 0.53
–

2.19
1.78
2.56
1.26
1.67
2.83
2.11
1.36
1.73
1.47
1.03
1.33
1.32
1.48
1.85
0.76
1.49
1.50
1.76
1.43

Table 3. List of parameters and their uncertainty (σ ) obtained from the X-ray spectral fitting using a combination of multithermal and single power-law fit functions.
Sl. No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Flare date

Fit time
interval

Fit energy
interval

DEM ± σ

T (2) ± σ

23-11-2003
25-02-2004
25-02-2004
04-03-2004
01-05-2004
01-05-2004
01-05-2004
01-05-2004
22-06-2004
09-08-2004
13-08-2006
27-04-2007
27-04-2007
27-04-2007
27-04-2007
27-04-2007
03-06-2007
03-06-2007
03-06-2007
03-06-2007

03:52–04:04
04:24–04:29
05:03–05:22
04:47–05:10
04:33–04:38
04:38–04:43
04:43–04:48
04:48–04:53
05:18–05:25
04:06–04:18
04:42–04:47
04:36–04:40
04:40–04:45
04:45–04:50
04:50–04:55
04:55–05:00
04:05–04:10
04:10–04:15
04:15–04:20
04:20–04:25

5–8
5–9
4–10
4–10
5–10
5–10
4–10
4–10
4–10
5–10
4–10
5–8
4–11
4–11
4–10
4–8
4–10
4–12
4–11
4–9

0.00143 ± 0.0017
0.001 ± 0.0010
0.00102 ± 0.0047
0.00105 ± 0.0079
0.001 ± 0.0083
0.00108 ± 0.007
0.00111 ± 0.0039
0.00107 ± 0.0078
0.00107 ± 0.0060
0.00275 ± 0.031
0.00111 ± 0.0075
0.00147 ± 0.0250
0.00341 ± 0.010
0.0014 ± 0.0093
0.00101 ± 0.027
0.00105 ± 0.020
0.00105 ± 0.015
0.00594 ± 0.012
0.00959 ± 0.018
0.0122 ± 0.073

12.346 ± 0.42
9.479 ± 0.50
13.388 ± 0.30
13.279 ± 0.45
13.221 ± 0.44
13.899 ± 0.40
13.491 ± 0.23
11.039 ± 0.21
13.958 ± 0.40
11.697 ± 0.32
14.937 ± 0.67
12.560 ± 0.64
13.771 ± 0.19
11.228 ± 0.22
9.34 ± 0.40
14.195 ± 0.54
14.195 ± 0.92
14.849 ± 0.16
13.456 ± 0.10
11.576 ± 0.14




T −β
,
T0


L 2  ne 
= 344
.
109
1011

τc (T ) = τc0

(5)

τc0

(6)

δ±σ

γ (2) ± σ

3.806 ± 1.45
–
5.133 ± 4.90
–
4.909 ± 4.80
–
4.881 ± 7.82
–
4.361 ± 5.78
–
4.539 ± 7.50
–
5.078 ± 4.00
–
5.232 ± 6.74
–
4.402 ± 6.18
–
3.799 ± 2.60
–
4.497 ± 7.65
–
3.444 ± 4.00
–
4.069 ± 3.19 4.11 ± 1.40
5.251 ± 6.20 3.00 ± 2.07
5.499 ± 2.30
–
5.00 ± 4.30
–
3.431 ± 2.0
–
3.47 ± 2.51
4.36 ± 3.5
3.77 ± 2.13
3.77 ± 2.5
3.0 ± 6.09
–

χ 2 (2)
1.07
0.88
1.89
1.39
1.43
1.95
0.75
0.82
1.92
1.36
1.37
1.47
2.01
1.72
1.47
1.50
1.43
1.56
1.99
1.51

In eq. (6), L denotes the half loop length and n e is
the electron density. For calculating conduction cooling time, we employed V = 4.6 × 1026 cm3 and
L = 1.45 × 109 cm from the study carried out by Hannah et al [6] for microflares and T = 8.5–12.0 MK
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Table 4. Weighted average of the parameters (X ) and their
uncertainty (σ ).
Parameter (X )
EM
T (1)
γ (1)
DEM
T (2)
δ
γ (2)

Range
0.0074–0.0925
8.55–12.0
2.88–4.80
0.001–0.01
9.34–14.93
3.0–5.49
3.0–4.36

σavg

X avg
0.0203
10.24
3.90
0.00116
12.90
4.06
3.81

0.00067
0.0032
0.35
0.00078
0.053
0.71
1.0

obtained from the isothermal spectral fitting. We found
conduction cooling time to vary from 95 to 525 s.
Another parameter E th was calculated from eq. (7).
In eq. (7), κB = 1.38 × 10−16 erg K −1 is the Boltzmann
constant, EM is the emission measure (cm−3 ), T is the
plasma temperature (MK) and n e is the electron density
(cm−3 ). From eq. (7), we obtained E th of the order of
(0.3−0.7) × 1029 erg:
EM
.
(7)
ne
It may be noted that th was computed from the maximum values of thermal component of the X-ray spectra.
During the spectral fitting we found that the dominant thermal component of the X-ray spectra was found
between 8 and 10 keV. Hence, th must exist between 8
and 10 keV. We, therefore, estimated the mean value of
th by taking the average of the maximum cut-off values of the thermal spectra. The mean value and standard
deviation (SD) of th were found to be of the order of
th = 9.23 ± 0.75.
E th = 3κB T

2.5 Weighted mean and statistics of parameters
The weighted average provides the best estimation of
the parameter due to variable uncertainty. For values i =
1, 2, 3, 4, . . . , n of a parameter (X), x1, x2, x3, . . . , xn,
and their uncertainly (σ ), σ 1, σ 2, σ 3, . . . , σ n, the
weighted mean of X and σ are defined by eqs (8) and (9)
where wi = 1/σi2 :
wi x i
,
(8)
wi
1
σavg = √
.
(9)
wi
Table 4 shows the range and weighted mean of the
obtained parameters X avg and their uncertainty σavg .
The statistics of the parameters obtained from the spectral fitting and computations are summarised in table 5
along with their range, mean and SD values. From
tables 4 and 5 we note that there is a significant
X avg =

Table 5. Statistics of the parameters obtained from the X-ray
spectral fitting and estimation.
Parameter
tf
EM
T (1)
γ (1)
DEM
T (2)
δ
γ (2)
th
ne
E th
τc (T )
χ 2 (1)
χ 2 (2)

Range

Average

SD

300–1560
0.0074–0.0925
8.55–12.0
2.88–4.80
0.001–0.01
9.34–14.93
3.0–5.49
3.0–4.36
8–10
1.3–3.7
0.3–3.7
95–525
0.76–2.83
0.75–2.0

966
0.0357
10.27
4.13
0.0025
12.79
4.37
3.81
9.23
2.6
0.5
283
1.67
1.47

532.5
0.020
1.0
1.08
0.0031
1.6
0.73
0.59
0.75
0.7
0.1
120
0.5
0.37

difference between the mean values of the parameters.
Weighted mean of σ gives a minimum value of the error
in the estimation of the parameters.

3. Discussions
3.1 Consistency of spectral fitting
In this analysis, the thermal and non-thermal
components of the X-ray spectra of all the 10 microflares
as listed in table 1 were modelled with the isothermal,
multithermal and single power-law functions in 4–12
keV energy range according to the method described in
§2. Figure 2 shows an example of the modelled X-ray
spectra where the thermal and non-thermal components
are best described by the isothermal and single powerlaw functions. We could note that X-ray spectra consist
of a substantial fraction of non-thermal component in
4–12 keV energy (figure 2). Here, we obtained a significant value of goodness of fit χ 2 (1) < 2. Similarly,
an example of fitted spectra with multithermal and single power-law functions, as shown in figure 3, also
shows relatively better fit than the isothermal model over
the thermal spectra with a goodness of fit χ 2 (2) < 2.
The investigation is carried out by Aschwandan using
RHESSI observations in 10–50 keV for large C-class
flares which demonstrate that thermal X-ray spectra
could be modelled with the multithermal power-law
function with χ 2 < 2 and χ < 1. He has proposed that
goodness of the model fitting could only be accepted
when χ < 1 [11]. In this study, we obtained an acceptable fit with the multithermal, isothermal model and
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Table 6. Comparison between SOXS observations in 4–10 keV energy range and RHESSI observations in 10–50 keV energy
range.
Parameters

Flare duration (tf ) (s)
Thermal–non-thermal cross-over energy (th ) (keV)
Non-thermal spectral index (γnth )
Conduction cooling time (τc (T )) (s)

SOXS observations

RHESSI observations

Range

Average and SD

Range

Average and SD

300–1560
8–10
3.0–4.4
95–525

966 ± 532.5
9.2 ± 0.7
3.8 ± 0.6
283 ± 120

124–592
10–28
1.8–5.8
2–745

398 ± 115
18 ± 3.4
3.5 ± 1.1
101.6±0.6

single power-law functions with χ 2 < 2 which provides
us the best-fit spectral parameters.
3.2 Comparison of thermal and non-thermal
characteristics
In this analysis, we obtained best-fit flare
parameters as summarised in tables 2 and 3. The
weighted mean and statistics of the parameters are summarised in tables 4 and 5, respectively. These parameters
are found to be comparable with the earlier analysis carried out from the RHESSI, SDO, NuSTAR and
SOXS observations [6,8,12,13]. The obtained values of
plasma temperatures T (1) ≈ 10.2 MK and T (2) ≈
12.9 MK, EM ≈ 0.020×1049 cm−3 , DEM ≈ 0.0011×
1049 cm−3 keV−1 were found to be consistent with the
earlier analysis carried out by Jain et al [9] and Gupta
et al [10] from SOXS observations. The mean value of
E th ≈ 0.5 × 1029 was found to be close to the results
obtained from RHESSI microflare observations carried
out by Hannah et al [6] who obtained E th ≈ 3.56×1028
erg. The values of γ (1) ≈ 3.9 and γ (2) ≈ 3.8 obtained
in this analysis were, however, found to be strong
compared to that estimated by Hannah et al [6]. E th
computed using the DEM model from the 10 GOES Bclass flares observed by the SDO/AIA shows a close
agreement with the present SOXS observations [8]. The
NuSTAR observations for the A-class solar microflares
observed E th of the order of ≈1028 erg [12].
On the other hand, it may be noted that, in this
analysis, the obtained parameters were found to be
comparable with RHESSI observations carried out for
C-class of flares in 10–50 keV [11]. A comparison
between the few parameters obtained in this analysis using the multithermal power-law functions and
RHESSI observations is shown in table 6. Here, we
noted that in SOXS microflare observations, the value of
th was found to be of the order of ≈9.2 keV while it was
found to be ≈18.0 in the case of RHESSI observations.
The value of γ (2) ≈ 3.8 was found to be higher compared to RHESSI observations (γnth ≈ 3.5). It may be
noted that, in this analysis, the SOXS microflare duration

Figure 4. The variation of EM with plasma temperature (T ).
The red line shows the linear model fit while the blue line
shows the 95% confidence interval of the observed data.

(tf = 966 s) is high in comparison to RHESSI
observations (tf = 398 s).
3.3 Scaling of parameters
Figure 4 shows a relation between EM ((0.007−0.09)×
1049 cm−3 ) and plasma temperature (T ) (8.5–12 MK).
The red line shows a best-fit linear correlation model
which demonstrates a decreasing trend. The blue curve
shows the 95% confidence interval of the obtained data.
Figure 4 shows a general model of the cooling process of flares [20,21]. From figure 4, we could also
infer that microflares govern similar cooling mechanism as of higher energy class of flares. However, this
could also be alternatively understood from the electron density estimated of the order of (1.3−3.7) × 1010
cm−3 which clearly shows that the cooling is governed
by heat conduction [20,21]. A relation between DEM
((0.001−0.01) × 1049 cm−3 keV−1 ) and plasma temperature (T ) (9.3–14.9 MK) is shown in figure 5. In
figure 5, the red line shows the best-fit linear correlation
line while blue curve shows the 95% confidence interval
of the observed data. Temperature dependence of DEM
proves the multitemperature model of plasma.
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Figure 5. The variation of DEM with plasma temperature
(T ). The red line shows the linear model fit while the blue
line shows the 95% confidence interval of the observed data.
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Figure 7. The variation of thermal energy (E th ) with plasma
temperature (T ). Red line shows the best-fit linear correlation
model while blue line shows the 95% confidence interval of
the observed data.

multithermal in nature, we expect τc (T ) to become short
at higher temperature (T ) and longer at low temperature
(T ) which is visible in figure 6. In an analysis carried
out by Jain et al [24] about the nature of X-ray plasma
in terms of multithermal by modelling the spectral–
temporal soft and hard X-ray flux (>10 keV) observed
from the SOXS, it was found that τc (T ) becomes short
at higher temperature (T ) and longer at low T . Figure 7
shows the relation between E th and T . The best-fit line
shown by red colour shows a moderate anticorrelation
with the observed dataset which falls within 95% confidence interval as shown by blue curves.
Figure 6. The variation of conduction cooling time (τc (T ))
with plasma temperature (T ). Red line shows the best-fit linear
correlation model fit while blue line shows the 95% confidence interval of the observed data.

A scaling between τc (T ) (95 and 525 s) and
temperature (T ) (8.5 and 12 MK) is shown in figure 6.
Here, the relation between τc (T ) (95 and 525 s) and temperature (T ) (8.5 and 12 MK) is described by the best-fit
linear model line (red curve) and 95% confidence interval of the observed data (blue curves). Figure 6 shows
the increase of τc (T ) with decrease of plasma temperature (T ). The temperature dependence of τc (T ) is due to
the thermal bremsstrahlung involving increasing photon
energy with higher flare plasma temperature. It had been
studied that time delay arises in the cooling processes
because of the delay in chromosphere heating, evaporation and cooling of flare loops. However, thermal delays
can be caused by temperature dependence of the cooling
process, say thermal conduction cooling and radiative
cooling [22,23]. However, for thermal plasma to be

4. Conclusions
The main aim of this paper was to investigate the
thermal and non-thermal characteristics of B-class solar
microflare in 4–12 keV energy range, observed by
SOXS mission, and to compare them with the values
obtained from the C-, B- and A-class microflares by
the RHESSI, SDO/AIA and NuSTAR missions, respectively. We further investigated flare models such as
isothermal, multithermal and conduction cooling and
determined the contribution of microflares to the coronal heating. A proposed model for this high-temperature
heating is through energy release by solar microflares
and nanoflares [2,3]. However, this model can be proven
from the characteristics of microflares. To prove this
model, microflares must exhibit the required energy and
be governed by the magnetic reconnection process as
of large flares [6,12]. The earlier analysis carried out
from RHESSI, SDO/AIA and NuSATR observations
demonstrate that microflares of GOES A-class, B-class
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and small C-class exhibit similar characteristics as do
large GOES class of flares and possess sufficient energy
to heat the corona [6,7,11,12].
In this analysis, the thermal and non-thermal
microflare parameters obtained from the isothermal,
multithermal and single power-law functions exhibit
characteristics similar to that of large class of flares.
Therefore, our investigation suggests a significant contribution of microflares to the coronal heating. The
relation between EM and plasma temperature (T ) shows
that the thermal conduction cooling mechanism is the
prime process at high temperatures, followed by radiative cooling in post-flares (figure 4). Figure 5 shows the
temperature dependence of DEM, which is the evidence
for multitemperature model of microflare plasma. This
could also be understood from the scaling between τc (T )
and T (figure 6). The temperature dependence of τc (T )
indicates the time delay characteristic of the cooling process that proves the thermal origin of emission in 4–12
keV energy range [11,24]. In summary, the present analysis demonstrates that B-class solar microflare exhibits
characteristics similar to the high-intensity X-ray flares.
The thermal plasma of temperature ≈10 MK shows
a time delay characteristic and the thermal conduction cooling mechanism dominates at high temperatures
while post-flares are cooled by radiative cooling.
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