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Abstract From theReuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI) catalog we select
events which have approximately the sameGOES class (high C - low M or 500–1200 counts s−1 within the
RHESSI 6–12 keV energy band), but with different maximal energies of detected hard X-rays. The selected
events are subdivided into two groups: (1) flares with X-ray emissions observed byRHESSI up to only
50 keV and (2) flares with hard X-ray emission observed also above 50 keV. The main task is to understand
observational peculiarities of these two flare groups. We useRHESSI X-ray data to obtain spectral and spa-
tial information in order to find differences between selected groups. Spectra and images are analyzed in
detail for six events (case study). For a larger number of samples (85 and 28 flares in the low-energy and
high-energy groups respectively) we only make some generalizations. In spectral analysis we use the thick-
target model for hard X-ray emission and one temperature assumption for thermal soft X-ray emission.
RHESSI X-ray images are used for determination of flare region sizes. Although thermal and spatial prop-
erties of these two groups of flares are not easily distinguishable, power law indices of hard X-rays show
significant differences. Events from the high-energy groupgenerally have a harder spectrum. Therefore, the
efficiency of chromospheric evaporation is not sensitive tothe hardness of nonthermal electron spectra but
rather depends on the total energy flux of nonthermal electrons.
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1 INTRODUCTION

Solar flares involve highly sophisticated processes, such
as particle acceleration (revealed by nonthermal hard X-
ray (HXR) and radio emissions), plasma heating up to ex-
tremely high temperatures (observed as soft X-ray (SXR)
emissions), and plasma motions with velocities up to su-
personic and super-Alfvénic values. A large variety of
flares are observed due to the complexity of the magnetic
field topology and the irregularity of the plasma proper-
ties. One of the characteristics of a flare is an intensity
peak observed within the 1–8̊A band - the X-ray flare
importance which is determined by the X-ray detectors
on theGeostationary Operational Environmental Satellite
(GOES). However, flares of the sameGOES importance
could have different HXR intensities and spectral proper-
ties.

In the previous studies related to statistics of parame-
ters of flare HXR and SXR emissions, the authors usually
determined the distribution of physical parameters con-
nected with accelerated particles (Bromund et al. 1995;
Saint-Hilaire et al. 2008; Krucker & Lin 2008; Xu et al.
2008; Hannah et al. 2011; Emslie et al. 2012; Guo et al.
2013) and heated plasma (Ryan et al. 2012; Li et al. 2012).
Battaglia et al. (2005) provided evidence for the correla-

tion between HXR flux at 35 keV and SXR flux. Veronig
et al. (2002) showed a positive correlation between HXR
and SXR fluxes: hotter flares with more intensive ther-
mal X-ray emissions need more nonthermal electrons for
plasma heating. Such a general relation between HXR and
SXR emissions is called the Neupert effect (Neupert 1968),
which assumes heating of chromospheric plasma is due to
non-thermal energy input and subsequent chromospheric
evaporation (plasma flows into the corona from the over-
heated chromosphere). However, flares with a very differ-
ent/similar HXR spectrum but similar/different SXR inten-
sities are often observed. Zimovets & Struminsky (2012)
showed an example of the event on 2003 October 26, when
two subsequent (with a 90 minute delay) HXR bursts with
similar intensities resulted in very different SXR emis-
sions. This was explained by chromospheric plasma that
evaporated into magnetic loops with different spatial scales
in the impulsive and decay phases. It is also worth noting
that some observations show flares with distinguishable
thermal emissions but moderate HXR intensities (Sharykin
et al. 2015).

We start our studies from the comparison of two flares,
which had approximately the sameGOES importance and
occurred in the same active region, but which were sep-
arated in time by one day (Fig. 1). The flare from 2002
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February 25 had HXR emissions up to 50 keV, while the
event of 2002 February 26 showed gamma-ray emissions
up to ∼1 MeV. The RHESSI count rate within the 25–
50 keV energy band was about one order of magnitude
lower in the first event than in the second one.

McDonald et al. (1999) investigated several flares with
high HXR fluxes but unusually weak SXR emissions and
compared them with “normal” flares which have increas-
ing HXRs accompanied by increasing SXRs described by
the Neupert effect. Such difference was explained by dif-
ferent energy fractions of nonthermal electrons related to
chromospheric evaporation. Based on this idea, we carry
out a statistical analysis with better spectral and spatialres-
olutions ofRHESSI observations and we select flares ac-
cording to their maximal HXR energies detected. Veronig
et al. (2002) and Hannah et al. (2008) also showed the ab-
sence of a correlation between SXR fluxes (thermal en-
ergy) and HXR power-law index, i.e., chromospheric evap-
oration is not always related to the hardness of the nonther-
mal electron spectrum. In our work we will search for dif-
ferences between flares with similar peak SXR fluxes, but
a different HXR spectrum (during the time of HXR peak).
The aim of this paper is to investigate the influence (or its
absence) of hardness of the non-thermal electron spectrum
on the thermal response of solar flare plasma observed in
the range of SXR emission.

In this paper we consider events which are similar to
the flares on 2002 February 25 and February 26. First we
will analyze six flares in detail and then we will do a sta-
tistical survey of a larger number of the flares. This article
is divided into the following sections: Section 2 data, in-
strumentation and event selection, Section 3 spectral anal-
ysis ofRHESSI data, Section 4 statistical analysis ofGOES
data, Section 5RHESSI X-ray imaging, and Section 6 dis-
cussion and conclusions.

2 DATA, INSTRUMENTATION AND EVENT
SELECTION

We use data from theRHESSI spacecraft providing us with
X-ray light curves, spectra and images in the energy range
of 3–17000 keV (Lin et al. 2002). TheRHESSI spectrom-
eter was described by Smith et al. (2002) and theRHESSI
imaging technique was presented in Hurford et al. (2002).
Reconstruction ofRHESSI spectra and images is made us-
ing theRHESSI package and the OSPEX package within
SolarSoftWare (SSW).

Processing time series ofRHESSI spectra for a large
number of flares is a very complicated task as we have to
select the precise fitting model and understand all peculiar-
ities of particular events. To simplify this, we use the rise
phase of theGOES SXR data to obtain the integrated ra-
diated energy of flares. The SXR detectors aboardGOES
include observations in two channels, which allow us to es-
timate the temperature and emission measurements of flare
plasma (Thomas et al. 1985).

Solar flares of C-MGOES classes are selected from
theRHESSI catalog from 2002 until 2009 (within the 23rd

solar cycle) using theRHESSI flare obj in the RHESSI
package according to the following criteria:

(1) Peak values of theRHESSI count rates in the 6–
12 keV band must be within the range of 500–1200
counts s−1. The lower limit is set to guarantee count-
ing statistics while the higher one is selected to avoid
the pulse pile up effect.

(2) Attenuator state must be 1 (the thin shutter) during the
HXR peaks. It is necessary to have energies larger than
6 keV for spectral analysis and to avoid pile ups.

(3) Flare positions according to theRHESSI catalog must
be below 940′′ from the center of the Sun. It is neces-
sary to avoid occulted flares in our sample as we are
interested in HXR emissions from the flare footpoints.
The value 940′′ corresponds to the angular size of the
Sun’s radius when Earth is at aphelion.

(4) Quality of theRHESSI data must be good for analy-
sis, i.e., the considered time intervals must not over-
lap with time periods when the spacecraft flys through
the South Atlantic Anomaly (SAA), spacecraft night
times, data gaps, particle events and so on.

In total, 113 events were selected for statistical analy-
sis. These flares are divided into two groups: (1) flares with
HXR emissions less than 50 keV (the low-energy group,
85 events), and (2) flares with HXR emission more than
50 keV (the high-energy group, 28 events). The 50 keV
boundary is empirically selected to divide flares into soft
and hard events.

For a detailed study, we selected a few particular
events with similar SXRs but different HXRs. Six events
(three from each group), which are summarized in Table 1,
are selected manually for a case study. In these flares
we can easily determine the preflare background in the
whole energy range. Observations of these events have also
avoidedRHESSI attenuator changes. However, we allow
the attenuator to change between states 0 and 1 in the sta-
tistical analysis.

3 SPECTRAL ANALYSIS OF RHESSI DATA

3.1 Case Study

We accumulate spectra in the energy range of 3–250 keV
in 20 s intervals during HXR peaks of the highest available
energy band. We use the sum of the counts from detectors
1, 3–6, 8 and 9 in order to increase the signal-to-noise ratio.
The X-ray spectra are fitted by means of the least squares
method. We consider spectra of the selected events to be
a combination of thermal and nonthermal components. We
use an isothermal model to fit the thermal part of the X-
ray spectra, and a thick-target model (Brown 1971) for the
nonthermal part. The pileupmod method is applied for ac-
counting for pile up effects in count spectra.

The energy range of 6–60 keV is used for spectral
analysis of events from the low-energy group while the en-
ergy range is 6–250 keV for the high-energy group. Spectra
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Fig. 1 Comparison of theRHESSI count rates in two solar flares from 2002 February 25 (left) and 2002 February 26 (right).
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Fig. 2 Fitting results of theRHESSI X-ray spectra of the 25–Feb–2002 M1.0 flare (left panel) and 26–Feb–2002 C9.6 flare (right panel).
Black line -RHESSI spectral data with background (violet) subtracted, red line - isothermal model, and blue line - thick-target model
with a single power law approximation to the nonthermal electron spectrum in the left panel and a broken power law approximation to
the nonthermal electron spectrum in the right panel. Histograms below the spectra are residuals of the fittings.

of nonthermal electrons in the low-energy group are as-
sumed to have the form of a single power law with a low-
energy cutoff. However, for the high-energy group we use
a double power law approximation, as the single power law
approximation with low-energy cutoff leads to a worse fit-
ting in some cases.

Line emissions from the Fe/Ni complex (centroids at
6.5 and 8 keV) have been taken into account for obtain-
ing good fits in the energy range of 6–10 keV. An isother-
mal model of the continuum and line emission in X-rays
is based on the CHIANTI data base (Dere et al. 2009),
where Fe/Ni abundance ratio is a free parameter in the least
squares method and abundances of other ions are fixed to
coronal values.

The low-energy cutoff (Kontar et al. 2008; Hannah
et al. 2009; Guo et al. 2011) of the nonthermal elec-
tron spectrum is a free parameter to improve linkage be-

tween thermal and nonthermal parts of the X-ray spectrum.
Different flares have different thermal-nonthermal transi-
tions and the low-energy cutoffs of the nonthermal part are
not necessarily the same (e.g., Gan et al. 2001). Therefore,
we use the low-energy cutoff as a free parameter during the
spectral fitting.

Finally, we have six free parameters in the least
squares method for the low-energy group:T - tempera-
ture,EM - emission measure, Fe/Ni line intensity,Fl - to-
tal flux of nonthermal electrons, andδ - their power law
index and low-energy cutoff of nonthermal electron spec-
trum Elow. For the high-energy group we have eight free
parameters:T , EM , Fe/Ni line intensity,Fl, Elow and
Ebreak - break energy that separates the two power law
parts with corresponding spectral indicesδ1 (E < Ebreak)
andδ2 (E > Ebreak). Figure 2 shows examples of the fitted
photon spectra for the two events presented in Figure 1.
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The fitting results for six events selected for the case
study are presented in Table 1, where values forδ1 are
shown asδ. We do not presentEbreak for the events
from the high-energy group, since they have values above
100 keV and the nonthermal electron flux is mostly deter-
mined by electrons belowEbreak. It is apparent that we
have much steeper nonthermal electron spectra (6.9–7.5)
for the low-energy group than for the high-energy group
(2.9–3.7). The low-energy group is characterized by∼2–3
times larger total fluxes of nonthermal electrons than those
for the flares from the high-energy group. However one
can see that the considered events have slightly different
GOES classes. For more details concerning the relation-
ship between different fluxes of nonthermal electrons and
SXR emission response in the studied six flares, see the
section entitled “Discussion.”

3.2 Statistical Analysis

Here we apply the same model for X-ray spectral fit-
ting as in the case study. Time intervals for accumula-
tion of the background are taken from theRHESSI cata-
log. For energies higher than 25 keV, X-ray background is
calculated from realRHESSI count rates. Below 25 keV
we simulated the background using the SSW procedure
hsi specbck.pro, which uses longitude and latitude of the
RHESSI spacecraft as input data to estimate a background
spectrum. Fittings of 85 events from the low-energy group
and 28 events from the high-energy group provide distri-
butions of full chi-square values (Fig. 3-A and D). In the
following analysis we only take into account the spectra
fitted with χ2 < 3σ, i.e., 72 events from the low-energy
group and 22 events from the high-energy group.

Fitting of HXR spectra of the events from the low-
energy group gives us a mean value of5.8 (Fig. 3-B) for
the spectral power law index (δ) of nonthermal electrons,
while for the high-energy group the spectral index has a
mean value of aboutδ1 ≈ 3.9 (Fig. 3-E). The difference
between spectral indices of these two groups is significant.
In this paper we do not discuss physics of the break ener-
giesEbr in the spectra of nonthermal electrons as it is out
of the scope of this work.

Figure 4 shows histograms of temperature, emission
measure, and Fe/Ni abundance distributions obtained from
fitting theRHESSI spectra. Average values and dispersions
are marked in the plots. It is shown that distributions for
both samples are quite similar to each other in terms of
shapes, peaks and mean values. Therefore the two flare
groups show very similar thermal properties.

In Figure 3-C and F we present the values of the low-
energy cutoffs of nonthermal electrons spectra obtained
from fittings of the HXR spectra. One can note that the
largest fraction of the studied flares has the values of low-
energy cutoffs distributed within the energy range of 10–
25 keV. The most frequent value of the low-energy cutoff
is≈ 12 keV.

4 STATISTICAL ANALYSIS OF GOES DATA

To make some estimations of the energetics and SXR rise
times of the selected flares we will use theGOES data.
For statistical analysis it is much better to use theGOES
data as they cover all flare duration and theGOES back-
ground is only associated with SXR emission of the solar
active regions and is not strongly affected by the surround-
ing medium. In this context,RHESSI is not a good instru-
ment due to high variability of the background and the data
gaps associated with the SAA, solar eclipses and particle
events.

The GOES detectors observe SXR emissions in two
channels: 0.5–4̊A and 1–8Å. Temperature and emission
measure can be evaluated from registered SXR fluxes in
these channels (Thomas et al. 1985). A background level
is assumed to be 95% of the minimal value of SXR flux
registered during the preflare or postflare times. A selected
95% fraction of this flux accounts for an arbitrary pres-
ence of quiescent emission from the preflare region. This
approach is a simplified variant of a technique used in the
work by Ryan et al. (2012) and allows us to avoid unnatural
temporal behavior of emission measure and temperature.

To estimate the rise time we use start and peak times
defined in theGOES catalog. In order to include a solar
flare in theGOES catalog, the flare must follow two cri-
teria: (1) there must be a continuous increase in the one-
minute averaged SXR flux in the 1–8Å channel for the first
four minutes of the event; (2) the flux in the fourth minute
must be at least 1.4 times the initial flux. The start time of
the event is defined as the first of these four minutes.

Distributions of the maximal SXR fluxes in twoGOES
channels (Fig. 5-A and B) for both groups of flares show
that the average magnitude of theGOES class of a high-
energy flare is twice as large as theGOES class of a low-
energy flare. Distributions of the rise times (Fig. 5-C, rise
time is the difference between peak and start time in the 1–
8 Å channel) do not show clear differences between the
two groups. Derived maximal temperature and emission
measure are presented in Figures 5-D and E respectively
and we also see that both groups of flares have similar tem-
perature distributions, but the average maximal emission
measure of the high-energy group is 30% larger than the
average emission measure of the low-energy group. Total
radiated energy (integrated over the whole time of the flare
duration) is presented in Figure 5-F. We see a difference by
a factor of∼0.7 between the average total energy radiated
in the SXR range during flares from the low-energy and
high-energy groups, which are respectively≈ 6.8 × 1029

and9.6 × 1029 erg.

5 RHESSI X-RAY IMAGING

From the previous sections we deduced the temperature
and emission measure distributions for the events from our
two groups. In order to estimate the plasma density, which
is about

√

EM/V , we need to estimate the approximate
volume of the flare regions emitting SXRs.
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Table 1 The results of X-ray spectral fitting for events selected forcase study analysis. UT time corresponds to
the center of the 20-second time interval used for obtainingthe spectra.

Event GOES T EM Fl(E > Elow keV) δ Elow χ2

date and UT class (MK) (1049 cm−3) (1035 s−1) (keV) σ

25–Feb–2002, 02:56:40 M1.0 18.8±0.6 0.28±0.04 6.0±2.2 6.9±0.1 18.1±1.0 1.3
16–Apr–2002, 13:10:50 M2.5 19.3±0.7 0.35±0.06 8.6±2.3 7.3±0.1 19.1±0.7 0.9
11–Jul–2002, 14:17:55 M1.0 20.0±0.7 0.13±0.02 3.2±0.7 7.5±0.1 20.4±0.6 1.5

26–Feb–2002, 10:26:45 C9.6 19.4±1.4 0.12±0.02 2.7±2.3 2.9±0.1 18.0±7.9 0.74
28–Aug–2002, 10:59:30 C9.3 26.2±1.0 0.03±0.01 1.4±1.0 3.7±0.1 20.4±4.7 1.55
6–May–2005, 03:08:40 C5.7 22.0±3.8 0.02±0.01 2.0±0.3 3.6±0.1 19.8±5.7 0.99

N(X <3 )=

22 (from 28)

2
ó

N(X <3 )=

72 (from 85)

2
ó

D[ ]=1.7ä

D[ ]=1.8ä

Low-energy group Low-energy group Low-energy group

High-energy groupHigh-energy groupHigh-energy group

A B Ñ

FED

Fig. 3 The upper and lower three panels show results of spectral fittings for the low-energy and high-energy groups respectively. Panels
(A) and (D) present histograms ofχ2 of RHESSI spectral fittings; (B) and (E) show distributions of spectral indicesδ of nonthermal
electron spectra; (C) and (F) show distributions of low-energy cutoffs Elow of nonthermal electron spectra. The mean values and
dispersions of the distributions are written within the corresponding panels.
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Fig. 7 CLEAN images with natural weighting made for the six events listed in Table 1. The upper three panels show flares from the
low-energy group, while the lower three panels present flares from the high-energy group.
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9 -2 -1

Fig. 8 Analytic calculations ofNevap according to Equation (1).

The RHESSI software package contains several algo-
rithms for obtaining images. Dennis & Pernak (2009) dis-
cussed advantages and disadvantages of these methods.
Here we use the CLEAN algorithm with both types of
weighting of the Fourier components: natural (Fig. 6-A and
B) and uniform (Fig. 6-C and D). The first one is sensitive
to diffuse sources, while the second is more appropriate
for fine structured X-ray sources. Since we do not know
details of X-ray sources, such as their shapes and sizes, we
use both methods and search for differences between im-
ages obtained from the two groups.

The CLEAN algorithm often overestimates geometric
parameters due to convolution of the real X-ray source with
a Point Spread Function (PSF) averaged through the detec-
tors that are used (3–6). So, a real linear scale of the source
can be estimated asRreal =

√

R2
im − R2

PSF, whereRreal

is the full width at half maximum (FWHM) of the real
source,Rim is the measured FWHM andRPSF is the PSF
FWHM. We use two techniques to estimate the linear scale
of an X-ray source: (1)Rim is a radius of the circle with
areaπR2

im equal to the area of the X-ray source limited by
a 50% contour; (2)a andb are the major and minor axes
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respectively of an elliptical Gaussian with areaπab, used
for fitting the X-ray source. Values ofRim, a andb are cor-
rected by accounting for the convolution with PSF. Images
are reconstructed for all studied flares requiring a signal-to-
noise ratio in the brightest pixel> 3 (according to Poisson
statistics): 72 out of 85 from the low-energy group and
all events (28) from the high-energy group are selected.
Distributions of areasSSXR of 6–15 keV X-ray sources
are summarized in Figure 6. This energy range mostly cor-
responds to thermal emissions.

Events from both groups have approximately similar
distributions of X-ray source sizes. The ratio of average
area values for the two groups is near unity. Linear dimen-
sions∼ S

1/2

SXR and volumes∼ S
3/2

SXR of flares from both
groups are also comparable to each other when accounting
for the resolution capabilities ofRHESSI.

In Figure 7 we present contour plots of X-rayRHESSI
images for six events listed in the Table 1. These X-ray im-
ages are also synthesized by the CLEAN algorithm with
natural weighting. One can see that we do not observe sig-
nificant peculiarities for these low-energy and high-energy
flares. We observe compact and extended sources for both
groups of flares. Using 50% HXR contours in the energy
range of 25–50 keV for the low-energy flares and a range
of 60–200 keV for the high-energy flares, we can esti-
mate the image plane cross sectional area of flare mag-
netic structures where we have precipitating nonthermal
electrons. For the 16-Apr-2002 flare we observe a loop
structure above the limb with a 25–50 keV coronal HXR
source. To estimate the cross sectional area for this flare we
use the footpoint HXR sources. Results of our estimations
of SHXR are shown in Table 2. In this table we also show
PSF correctedSHXR, as described above. Results listed in
Table 2 will be used for determination of nonthermal en-
ergy fluxes for the six flares that are studied.

6 DISCUSSION

The statistical and case study analysis presented above
shows that events from the two groups are very similar
in terms of temperature, emission measure, SXR inten-
sity, integral SXR radiance, flare region size and SXR
rise time. The most discernible difference is that between
the HXR spectral indices, which indicates different slopes
of the nonthermal electrons spectra. Accelerated electrons
with different spectra lead to similar thermal feedback.
Numerical simulations of gas dynamics and kinetics of ac-
celerated particles could be carried out in order to inves-
tigate this problem analytically. Alternatively, we provide
some simple explanations as follows.

We consider the energy of nonthermal electrons as
a main source of plasma heating and radiative cooling.
The chromospheric evaporation can be stimulated directly
by precipitating nonthermal electrons, which overheat the
chromosphere, or by heat transfer from the corona, which
also might be heated by nonthermal electrons. In both sce-
narios, nonthermal electrons are responsible for the energy

of the evaporated plasma. To estimate the fraction of non-
thermal electron energy, which is deposited to the chro-
mospheric evaporation, we use an approach described by
McDonald et al. (1999).

The solar atmosphere is continuously heated by pre-
cipitating nonthermal electrons during solar flares; when
the radiative losses of background plasma are too strong,
the heating by nonthermal electrons is no longer efficient.
Consider the specific energy loss rate due to radiation as
(ni + nn)f(T ) for f(T ) = 7 × 10−22 [erg cm3 s−1], for
T ∼ 105 K, whereni andnn are ion and neutral atom
number densities respectively. We can expect that at some
height above the photosphere all nonthermal electron en-
ergy would be radiated away, due to the large collisional
rate which is proportional ton2 in the dense part of the
solar atmosphere. To estimate column density of plasma
generated due to chromospheric evaporation, one can use
the formula from (Veronig & Brown 2004)

Nevap[cm−2] ≈ 8.2 × 1019
[

7.7 × 10−12B
(δ

2
,
1

3

)

(δ − 2)
Pnth(E > Elow)

S
p
]

2
δ+2

, (1)

wherePnth(E > Elow) = (δ − 1)/(δ − 2)Fl · Elow is
kinetic power of nonthermal electrons with fluxFl for en-
ergies higher than the value of low-energy cutoffElow of
the nonthermal electron spectrum,S is the cross section of
flare loop with lengthL, andp is correction for loop top
pressure and considered here to be the same,∼ 1, in both
groups of flares.

In Figure 7 we show thatNevap for different energy
fluxesF = Pnth/S does not vary significantly forδ >
3. However, the value ofNevap strongly depends on the
energy flux of the nonthermal electrons.

It is reasonable to assume that energy input of non-
thermal electrons to plasma is only determined by the in-
tegrated heating rate in the loop above this critical height
Nevap (Fisher 1989)

Fevap =
[

1 −
1

3
B

(δ

2
,
1

3

)[Nevap

Nlow

]1− δ

2
]

· F ,

for Nevap ≥ Nlow

Fevap =
[

1 −
1

3
BNevap

Nlow

( δ

2
,
1

3

)[Nevap

Nlow

]1− δ

2

−
(

1 −
Nevap

Nlow

)
1
3
]

· F , for Nevap < Nlow(2)

whereB(x, y) is the beta function andBz(x, y) is the in-
complete beta function;Nevap is the column depth along
the magnetic loop derived from Equation (1), where the
direct heating by nonthermal electrons is balanced by ra-
diative cooling from the chromosphere;Nlow is the col-
umn depth required to stop an electron with energy equal
to the value of the low-energy cutoffElow. The value
of Nlow is estimated asE2

low/3C, whereC ≈ 3.64 ×
10−18 keV 2 cm2 (Fisher et al. 1985). We present the
calculations of theFevap/F for different δ and Elow <
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Table 2 Estimations of Areas of HXR Sources Using 50%-level Contours

Event 25–Feb–2002 16–Apr–2002 11–Jul–2002 26–Feb–2002 28–Aug–2002 6–May–2005

SHXR, arcsec2 ∼300 ∼150 ∼100 ∼60 ∼150 ∼100

PSF correctedSHXR, arcsec2 ∼270 ∼120 ∼70 ∼30 ∼120 ∼70

√

3CNevap in Figure 9-A and B. One can see a small
difference betweenFevap/F for δ > 3, especially for
Elow = 15 keV. Thus, chromospheric evaporation energet-
ics of high-energy flares and low-energy flares do not differ
from each other significantly, considering similar values
of F , since spectral indices (δ) of nonthermal electrons in
them are larger than 3.

We presentFevap/F as a function ofδ in Figure 9-C
for different values ofNevap. In the case ofNevap/Nlow <
1 the effectiveFevap is significantly reduced compared
with the case ofNevap/Nlow > 1.

In Figure 9-D we showNevap as a function ofElow

for different ratiosNevap/Nlow. For Nevap located above
the dotted curve in Figure 9-D, which corresponds to
Nevap/Nlow = 1, we have a weak dependence ofFevap

from Nevap/Nlow, which is shown in (Fig. 9-A and B). For
Nevap > Nlow relative energy radiated by plasma above
Nevap is determined by an expression(F − Fevap)/F ∝
(Nevap/Nlow)1−δ/2 and one can conclude thatFevap for
δ > 3 mainly depends on the value of energy fluxF car-
ried by nonthermal electrons (Fig. 9-B).

Applying Equations (1) and (2) for fitting results pre-
sented in Table 1, we found the values ofFevap and
Nevap, which are summarized in Table 3 and Figure 10-
A. We see that energetics of the chromospheric evapo-
ration Fevap has the same order of magnitude for high-
energy and low-energy flares, butFevap of the low-energy
flares is∼2–3 times higher thanFevap of the high energy
flares. The values ofNevap are very close to each other
for all flares in the table when accounting for errors. The
emission measure of the SXR emitting plasma is deter-
mined by the expressionEM = n2V ∼ N2

evapV/L2 ∝
N2

evap. To connect the plasma temperature with the val-
ues ofFevap andNevap, one can use the energy balance
equation assuming a dominant plasma heating by nonther-
mal electrons (without heat losses in the simplest case):
Fevap∆tS ≈ 3kBT

√
EMV ∼ 3kBTNevapS and, thus,

T ∝ Fevap/Nevap. In Figure 10-B we show the values of
N2

evap andFevap/Nevap calculated for results presented in
Table 2.

In Figure 10-C,Fevap/Nevap andT (Table 1) are com-
pared to each other. There is no positive correlation be-
tween these values, a fact that does not support our as-
sumptionT ∝ Fevap/Nevap and does not confirm tem-
perature similarity of the studied flares. To estimate real
flare temperatures we need additional physical modeling
of energy balance in the flare region. Comparison be-
tweenEM (Table 1) andN2

evap is presented in Figure 10-D
where we see a positive correlation between these values,
a trend that supports our simplified analytical assumption
EM ∝ N2

evap. It is also remarkable that the values consid-

Table 3 Comparison of the CalculatedFevap andNevap for the
Events from Table 1

Event GOES Fevap Nevap

date and UT class (1010 erg cm−2 s−1) (1020 cm−2)

25–Feb–2002, 02:56:40 M1.0 1.4±0.5 8.2±0.7
16–Apr–2002, 13:10:50 M2.5 4.6±1.3 10.7±0.8
11–Jul–2002, 14:17:55 M1.0 3.1±0.7 9.9±0.6

26–Feb–2002, 10:26:45 C9.6 5.2±5.5 10.3±4.5
28–Aug–2002, 10:59:30 C9.3 0.5±0.3 5.6±0.8
6–May–2005, 03:08:40 C5.7 1.5±1.3 7.4±2.2

ering errors, the values ofN2
evap calculated for the studied

flares do not differ from each other very much, which con-
firms similarity of the high-energy and low-energy flares.

According to the above analytical estimations and ob-
servational results, the spectral hardness of nonthermal
electrons does not have a significant impact on efficiency
of chromospheric evaporation in SXR emission. All distri-
butions of flare thermal parameters have similar average
values within one order of magnitude. It is more likely
that intensity of chromospheric evaporation mostly de-
pends on the total energy of nonthermal electrons injected
into the dense atmosphere. To illustrate this, we present
Figure 11, where we see a positive correlation (r ≈ 0.85)
betweenEM and Fl(E > Elow) and a weak relation-
ship (r ≈ 0.12) betweenEM andδ. In this way, thermal
similarity of two groups of flares is possible at approxi-
mately the same energy fluxes of nonthermal electrons. As
Pnth ∼ Fl(E > Elow)Elow, thus we have an approx-
imately similar number of thermal electronsnnth(E >
Elow) ∝ Fl(E > Elow)/

√
Elow involved in the accel-

eration process in the case of considered low-energy flares
and high-energy flares.

The spatial analysis of the flare SXR sources that we
performed with theRHESSI observations does not allow us
to make precise conclusions about spatial structure of the
flare sources. The fine structure of the flare region is very
uncertain and to determine it we need a detailed compari-
son of ultraviolet and extreme ultraviolet images overlayed
onRHESSI X-ray images synthesized by better imaging al-
gorithms like PIXON. We also need more detailed numer-
ical modeling, which could give more precise information
about the thermal response of flare plasma to nonthermal
electrons in different layers of the solar atmosphere.

7 CONCLUSIONS

We have selected two groups of flares with approximately
similar X-ray classes but with different hardness of HXR
spectra, and studied their observational peculiarities:
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F = 10 erg cm s
11 -2 -1

F = 10 erg cm s
10 -2 -1

F = 10 erg cm s
9 -2 -1

E = 10 keVlow

E = 15 keVlow

E = 20 keVlow

E = 25 keVlow

A B

N /N = 5evap low

N /N = 1evap low

N /N = 0.5evap low

N /N >1evap low

E = 10 keVlow

E = 15 keVlow

E = 20 keVlow

E = 25 keVlow

N /N >1evap low

C

N /N = 5evap low

N /N = 1evap low

N /N = 0.5evap low

D

Fig. 9 Analytic calculations of theFevap/F (panel A) andFevap (panel B) for different low-energy cutoffsElow and different energy
fluxesF (panel B) according to Equation (2). Panel C presentsFevap/F calculated by Equation (2) for different values ofNevap/Nlow.
Panel D presentsNevap as a function ofElow for different ratiosNevap/Nlow.

A B

DС

Fig. 10 Comparison of the events from Table 1: A) comparison ofFevap andNevap; B) comparison ofFevap/Nevap andN2
evap; C)

comparison ofT obtained from fittings andFevap/Nevap; D) comparison ofEM obtained from fittings andN2
evap. Red and black

correspond to the low-energy and high-energy flares respectively.
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Fig. 11 The left panel shows total flux of the nonthermal electrons versus emission measure of the SXR emitting plasma. The right
panel shows emission measure versus spectral indexδ of nonthermal electron spectra. Red and blue correspond to the low-energy and
high-energy flares respectively.

(1) Flares in the low-energy group (HXRs with energies
less than 50 keV) have steep spectra of nonthermal
electrons with a mean value of power law indexδ ≈
5.8, while flares in the high-energy group (HXRs with
energies greater than 50 keV) have flatter spectra with
δ ≈ 3.9. The case study analysis of six events shows
a larger difference, in which the spectral indices are
6.9–7.5 for the low-energy group and 2.9–3.7 for the
high-energy group.

(2) Flare thermal parameters (temperature, emission mea-
sure, Fe/Ni abundances, total radiated energy, SXR
fluxes and rising time) derived from theRHESSI and
GOES SXR observations for flares from these two
groups do not show significant differences. Thus on
average, events from the two groups show similar ther-
mal properties.

(3) The sizes of the flare SXR sources are not statistically
distinguishable between the two groups within the res-
olution capabilities ofRHESSI.

Based on these observational results and analytical es-
timations, we conclude that different hardness of spectra
of nonthermal electrons does not have a significant influ-
ence on the chromospheric evaporation. The total energy
flux of nonthermal electrons is likely to play a major role
in the efficiency of chromospheric evaporation and the re-
sulting SXR fluxes. In this context, thermal similarity of
events from two groups with different HXR hardness can
be explained by means of approximately the same energy
fluxes of nonthermal electrons heating the dense solar at-
mosphere. It leads to the consideration of a similar num-
ber of electrons involved in the acceleration process dur-
ing low-energy and high-energy flares from similarGOES
classes. To make a more precise investigation of peculiari-
ties of flares, which are analogous to the event considered
in this work, we need to consider more detailed spatially-
resolved observations in different wavelengths and numer-
ical modeling of the plasma response to nonthermal parti-
cles in flaring regions.
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Kontar, E. P., Dickson, E., & Kašparová, J. 2008, Sol. Phys., 252,

139
Krucker, S., & Lin, R. P. 2008, ApJ, 673, 1181
Li, Y. P., Gan, W. Q., & Feng, L. 2012, ApJ, 747, 133
Lin, R. P., Dennis, B. R., Hurford, G. J., et al. 2002, Sol. Phys.,

210, 3



12 I. N. Sharykin et al.

McDonald, L., Harra-Murnion, L. K., & Culhane, J. L. 1999,

Sol. Phys., 185, 323
Neupert, W. M. 1968, ApJ, 153, L59
Ryan, D. F., Milligan, R. O., Gallagher, P. T., et al. 2012, ApJS,

202, 11
Saint-Hilaire, P., Krucker, S., & Lin, R. P. 2008, Sol. Phys., 250,

53
Sharykin, I. N., Struminskii, A. B., & Zimovets, I. V. 2015,

Astronomy Letters, 41, 53

Smith, D. M., Lin, R. P., Turin, P., et al. 2002, Sol. Phys., 210, 33
Thomas, R. J., Crannell, C. J., & Starr, R. 1985, Sol. Phys., 95,

323
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