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Abstract The energy and spectral shape of radio bursts may help usstade the generation mechanism
of solar eruptions, including solar flares, coronal masstigjes, eruptive filaments, and various scales of
jets. The different kinds of flares may have different chtmastics of energy and spectral distribution. In
this work, we selected 10 mostly confined flare events durintpkier 2014 to investigate their overall
spectral behaviour and the energy emitted in microwavessmguadio observations from microwaves to
interplanetary radio waves, and X-ray observation&@ES, RHESSI, and Fermi/GBM. We found that:
all the confined flare events were associated with a microsargnuum burst extending to frequencies of
9.4 ~ 15.4 GHz, and the peak frequencies of all confined flare eventsighehthan 4.995 GHz and lower
than or equal to 17 GHz. The median value is around 9 GHz. Theomave burst energy (or fluence)
and the peak frequency are found to provide useful criteriastimate the power of solar flares. The
observations imply that the magnetic field in confined flasggl$ to be stronger than that in 412 flares
studied byNita et al.(2004. All 10 events studied did not produce detectable hardyé-maith energies
above~300keV indicating the lack of efficient acceleration of &ens to high energies in the confined
flares.
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1 INTRODUCTION 1977, the standard flare modelSkibata etal. 1995
the tether-cutting modelMoore et al. 2001 the circular

Solar flares are believed to be the most powerful explosionrélbbon flare modelWang & Liu 2013, and the magnetic-

in the solar system. They may produce strong imIOacgradient driven modelTan et al. 202)) etc. Many flares

on the space weather around the Earth. However, th@.re gccompanied with very spectacular corqnal mass
flares are characterized by diversity and complexity. FoPle.Ct'OnS (CMEs). They are usually called eruptive flgres,
example, the energy released in a flare may range frofyhile at the.same time there are also many flgres without
above1026 J in a super flareXX10 flare) to less than accompanying CMEs, which are called confined flares
1021 J in an A-class small flare. As for their timescale, (Ji €t al- 2003

the duration may range from a few seconds to above 2

hours. So far, there is nearly a consensus that the flare With such strong diversity of solar flares, it is
energy is released through magnetic reconnection in theecessary to investigate the characteristics in diffdtere
magnetized plasmas of the solar corona. The possiblgopulations, such as in different class flares, flares in
mechanism that trigger magnetic reconnection and the flardifferent phases of solar cycles (valley, ascend, peak and
include the emerging magnetic flux modekyvaerts et al. descend phases of solar cycles, definetbas2019, long-
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Table 1 The Main Information ofGOES Soft X-ray and Radio Emission of the Selected Events

ID Class Date Start Max. End IP burst SBRS observation NORHNR Peak freq.
1.1-2.1GHz 2.6-3.8GHz 5.2-7.6 GHz burst GHz GHz
1) (2 3 @ 6B  ® ) C)) ) (10 (11) (12)
MF1* M1.6 Octl8 0702 0758 0849 no dm.FS cont. cont. 0.2454-15. 4.995
MF8* M8.7 Oct22 0116 0159 0228 no dm.FS,and cont. cont. cont. 0.245-35.0 9.4
MF9 M2.7 Oct22 0511 0517 0521 no no no cont. 4.995-35.0 17.0
MF11* M4.0 Oct24 0737 0748 0753 typelll dm.FS,and cont. cont cont. 0.245-15.4 8.8
MF16 M7.1 Oct27 0006 0034 0044 no no no cont. 4.995-35.0 17.0
MF17 M1.0 Oct27 0144 0202 0211 no no no cont. 4.995-17.0 17.0
MF18* M1.3 Oct27 0335 0341 0348 no no cm.FS cont. 2.84-35.0 4 9.
MF21* M3.4 Oct28 0215 0242 0308 no dm.FS no data cont. 2.0-35. 17.0
MF22 M6.6 Oct28 0323 0332 0341 no bad data bad data bad data -3 17.0
MF24 M1.0 Oct29 0603 0820 0852 no no weak cont. cont. 2.698-15 154

Column (1) is the event ID dBOES SXR M-class flare, same &hen et al(2015. The star * marks the event with dm. or cm. fine structure. @)l
is the flare class. Col. (3) is the event date. Clos. (4)—(@)l@ begin, peak, and end time of the SXR flare. Col. (7) ineicthe interplanetary (IP)
burst at decametre-hectometre wavelengths (DH). Clos(18) indicate the fine structure bursts or continuum bwbserved by SBRS/Huairou at
three bands, respectively. Col. (11) indicates the butsiesfixed frequency observed by NORP or RSTN. The last colistsithe peak flux frequency
that analyzed from NoRP or RSTN observations. The dm.FS df$nmdicates the spectral fine structure at decimeter dinceter wavelength. The
cont. indicates the continuum enhancement.

duration flares or short-duration flares, eruptive flares othat different kinds of flares may have different energy and
confined flares, etc. spectral characteristics.
In the present paper we focus on confined flare

One of the main characteristics of solar flares isevents to study their energy and spectral distributions,
their energy and spectral distribution which may helpincluding the radio peak flux, the fluence or energy emitted
us to understand the generation mechanism of solagt microwave frequencies and in soft and hard X-rays,
eruptions,including solar fIares,CMEs, eruptive filamentsas well as the re|ationships among them. A series of
and various scales of jeté\¢chwanden et al. 1998and  confined flares from one active region in October 2014 is
to obtain the evolution of solar activity. Many people a particularly appropriate opportunity to study flares and
investigated the microwave spectrum of solar flares andlectron acceleration under conditions where the ambient
its correlation with hard X-rays, soft X-rays, optical, magnetic field does not change fundamentally between
radio wavelengths, and energetic particles in interpkayet  individual events, and to search for correlations between
space Guidice & Castelli 1975Aschwanden etal. 1998 (ifferent manifestations of energy release. Sectbn
Isliker & Benz 2001 Trottet et al. 2015etc.). Nitaetal.  introduces the related observational data and definitions
(2002 2004 investigated the peak flux distribution of solar and extractions of parameters. SectiBnpresents the
radio burst data observed during 1960-1999 as a functiomain statistical results. The conclusions and the related
of frequency and time over a wide frequency range, andiiscussions are summarized in Secton
found that the distributions are well fitted by power laws
over a wide range of flux densities, but diverge froms evENT SURVEY AND DATA ANALYSIS
a power law at both high and low flux densities. They
also found that the divergence of the distribution fromlIn this work, we select 10 confined flares to investigate
the fit at low flux density is probably due to sensitivity their spectral evolution from microwave to interplanetary
limits of the recording instruments which ranges fromradio wavelengths, and X-ray observations GOES,
about 10 sfu during solar minimum to about 20 sfuFermi/GBM, and RHESSI. Theses events occurred in solar
during solar maximumFirst (1971 and Melnikov etal.  active region AR12192 during October 2014. They were
(2009 studied the changes in spectral peak frequency ofivestigated byChen et al.(2015 using the observations
microwave bursts with time and found that, for the majorityfrom the Atmospheric Imaging Assembly (AIA) and
of simple microwave bursts, the peak frequency showslelioseismic and Magnetic Imager (HMI) on board the
a high positive correlation with flux density, which is in Solar Dynamics Observatory (SDO).
qualitative agreement with theoretical expectations thase = The data used includes the radio and X-ray obser-
on gyrosynchrotron self-absorptiokrucker et al.(2020  vations. Fixed frequency observations are provided by
found that there is a highly significant correlation betweerNobeyama Radio Polarimeters (NoRRgakajima et al.
the microwave (17 GHz and 34 GHz) peak flux and thel985 at 1.0, 2.0, 3.75, 9.4, 17, and 35GHz, and by
nonthermal hard X-ray bremsstrahlung peak emission seghe Radio Solar Telescope Network (RSTN) at 0.245,
above 50 keV. However, the existing published studies d6.41, 0.61, 1.415, 2.695, 4.995, 8.80, and 15.4 GHz.
not distinguish different types of flares, and we believeThe RSTN monitors eight fixed frequencies at four
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observatories over the world. They are located at Sagamopresents the details of the fine structures. They are groups
Hill (Massachusetts, U.S.A.), Palehua (Hawaii, U.S.A.),of type Ill bursts with fast frequency drift rates. At lower
Learmonth (Australia), and San Vito (Italy). The spectralfrequencies the Culgoora and Wind/Waves radio spectra
observations included the Chinese Solar Broadband Radi{@0 kHz~100 MHz) showed no counterpart of event MF1.
Spectrometer at Huairou (SBRS/Huairdtu et al. 1995
2009 at 1.1-7.6 GHz, Mingantu Spectral Rad|oheI|ograph
(MUSER: Yan et al. 20162021 at 2—-15 GHz, decimetric
and metric spectrometers of the Yunnan Astronomic
Observatories (YNAOGao et al. 2014 at 70—700 MHz,
the Nancay Decameter Array (NDA,ecacheux 2000
located at Nancay, France at 20-70MHz, the ORFEE
spectrograph (located at Nancay, France) at 1442
1000 MHz, the Culgoora spectrograph (Australia) at 18—
1800MHz, and the Wind/WAVES radio spectrograph
(Bougeret et al. 1995at 20 kHz—13.825MHz. The X-ray
observation includes the soft X-ray (SXR) flux at A8
and 0.5—-4 observed byGOES (Bornmann et al. 1996
hard X-ray (HXR) flux observed by the Fermi Gamma-
ray Burst Monitor (Fermi/GBMMeegan et al. 200%nd

Panel (2) of Figurel presents the observed spectrum
n 2014 Oct. 22 (events MF8, 01:16-02:28 UT, and MF9,
agurlng 05:11-05:21UT) observed by Wind/Waves, Ynao,

and SBRS/Huairou. There are continuum bursts in the
frequency range of 2.6-3.8 GHz and 5.2—7.6 GHz around
gwe MF8 event, without spectral fine structure. Groups
of type Ill bursts with fast downward and upward drifts
are seen on top of the continuum in the frequency range
1.1-2.1 GHz. Panel (2) of Figur2 presents the details
of this fine structure. The Ynao radio spectrum showed
no counterpart to this event. The Wind/Waves spectrum
showed an IP type Il burst about 30 minutes afterwards,
which had no connection with the main microwave burst.
Around the MF9 event, there is only an impulsive burst in
. the frequency of 5.2—7.6 GHz observed by SBRS/Huairou
RHESSI Cin etal. 2003 and in the frequency range0 ~ 15GHz observed by

Table 1 lists the main information ofGOES SXR  \1ysgR without spectral fine structure. This is presented
and radio emission of the selected ten events. Columns panel (3) of Figure.

4-6 are the start, peak, and end time of the SXR
flare. Column 7 indicates whether an interplanetary type Panel (3) of Figurel presents the observed spec-
Il burst was observed. Columns 8-10 give a brieftrum on 2014 Oct. 24 (event MF11, 07:37-07:53UT)
characterization of different frequency ranges as to th@bserved by Wind/Waves, Culgoora, Ynao, ORFEES, and
presence of decimeter (abbreviation as dm.) or centimetéBRS/Huairou. All bands of SBRS/Huairou observed the
(abbreviation as cm.) fine structure (abbreviation agontinuum burst. There are spectral QPP structures in
FS), and microwave continuum (abbreviation as cont.)the frequency range of 1.1-2.1 GHz, which are presented
Section3 will illustrate in detail the relationship between in panel (4) of Figure2. At low frequencies, the
the spectral characteristics and the flux density spectrun¥.nao, Culgoora radio, and Wind/Wave spectrum at 25—
Columns 11 and 12 indicate the range and peak frequendfP0 MHz showed a typical type Ill burst. The presence
of the fixed-frequency observations. Nine events wer®f type Il emission at meter-to-kilometer wavelengths
associated with microwave continuum burst at frequenciels an exceptional finding in confined flares in general
greater than 5 GHz, the MF22 event was associated with @opalswamy et al. 200Klein etal. 2019, and in the
microwave continuum burst at frequency of greater tharilares from the October 2014 active region in particular.
9.4GHz. The peak frequencies of all events are abovehen etal(2015 reported that this event originated from
4.995GHz. the periphery of the active region, and was accompanied
Figure 1 presents the dynamic spectra of the tenbyajet We concluded that it is because of this exceptional

confined flare events, as observed by Wmd/Waves'ocat'on that the electrons had access to open field lines
Culgoora, NDA, Ynao (SRFEES and SBRS/Huairou. Five extending to the high corona and into the interplanetary
events are accompanied by groups of dm. or cm. fingPace.

structure, which are presented in Fig@re Panel (4) of Figurdl presents the observed spectrum
Panel (1) of Figuredl presents the observed spectrumon 2014 Oct. 27 (event MF16, 00:06—00:44 UT, MF17,
on 2014 Oct. 18 (event MF1, 07:02—-08:49 UT). The star01:44—-02:11UT, and MF18, 03:35-03:48UT) observed by
and end time of MF1 are marked by white lines. TheWind/Waves, Culgoora, Ynao, and SBRS/Huairou. During
green curves are flux profiles at single frequencies ofhese three events, there are continuum bursts in the
1356 MHz, 2840 MHz, and 5900 MHz, respectively. Thefrequency of 5.2—7.6 GHz, while no continuum burst is
event shows no spectral fine structure on the microwavebserved in the ranges 2.6-3.8GHz and 1.1-2.1GHz.
continuum burst in the frequency range of 2.6-3.8 GHZAround the MF18 event in the frequency of 2.6-3.8 GHz,
and 5.2—7.6 GHz. There are spectral fine structures on there is a small group of very weal§i(,st ~ Spe + 30)
continuum burst of 1.1-2.1 GHz. Panel (1) of Figite and very short duration{ 1 second) of drifting burst,
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Fig. 1 Radio spectra of ten flare events on six days of October 2C4e¢h Banel presents a daily spectrum obtained from
Wind/Waves, Culgoora, NDA, Ynao, ORFEES, and SBRS/Huaifdwewhite lines mark the begin and end time of the
event. Thegreen curves are the flux profiles at 1356 MHz, 2840 MHz, and 5900 MHz, respely. The tick values at the
right side of the panel indicate the flux density in solar fluitst The 5.2—7.6 GHz band is only partially observed.

which is presented in panel (5) of FiguzeBelow 1.0 GHz  burst (indicated by two white arrows) at the beginning
there is no counterpart of any of these events. (06:05UT) of the event in the frequency of 2.6—3.8 GHz.

Panel (5) of Figurel presents the observed spectrum  Figure3 presents the composed figure@DES SXR
on 2014 Oct. 28 (events MF21, 02:15-03:08UT, andlux and radio flux of the ten confined flare events. For
MF22, 03:23-03:41UT) observed by Culgoora, Ynao, anagkach day’s panel, the top mini panel shows the profiles
SBRS/Huairou. For the MF21 event, a continuum bursbf GOES SXR flux at 1-& (red curve) and 0.5-& (blue
is observed in the frequency range of 5.2-7.6 GHz andurve). The start-end time and peak time are marked as
several groups of narrowband weak fine structures witlthe vertical blue line and red line, respectively. In the
fast drifts in the frequency range of 1.1-2.1 GHz. They ardottom mini panels the radio flux is plotted at eight
presented in panel (6) of Figug& For the MF22 event, frequencies (245, 410, 610, 1415, 2695, 4995, 8800, and
there is no radio burst at any band below 7.6 GHz. Panel5400 MHz) observed by Palehua (Hawaii) of RSTN or
(5) of Figure3 shows only radio emission at frequenciesat six frequencies (1000, 2000, 3750, 9375, 17000 and
above 9.4 GHz. 35000 MHz) observed by NORP. The start-end time (blue
line) are the same as SXR event time. The peak time
Panel (6) of Figurel presents the observed spectrum(red line) are calculated as maximum time of microwave
on 2014 Oct. 29 (event MF24, 06:03—08:52UT) observedburst considering most frequencies. For the long duration
by Culgoora, Ynao, ORFEES and SBRS/Huairou. Ther@vent with multiple peak time, for example the event of
are continuum bursts at the beginning (06:05UT) and®014 Oct. 29, only the closest one to the SXR peak time
peak time (08:20UT) of the event, in the frequency rangavas selected. The peak time of radio flux are abeu?2Q
of 5.2-7.6 GHz. There is only a very weak continuumminutes earlier than that of SXR. This is consistent with
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(1) FS Spectrum of Oct.18 MF1, by SBRS (R) FS Spectrum of Oct.22 MF8, by SBRS
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Fig. 2 The spectrum of fine structures (abbreviation as FS) in fieeevwbserved by SBRS and one impulsive microwave
continuum burst observed by MUSER.

the result oKrucker et al(2020. Figure3 also shows that to be subtracted to calculate the flux of the burst. The
the rapid increase of SXR light curve is very close to thecalculation of background and subtraction were indicated
maximum of HXR flux (orange line) or the microwave in the quantitative analysis part after.

light curves. This is consistent with the deduction of the

Neupert effect lleupert 1968 Ning & Cao 2010. The The Fermi or RHESSI HXR counts flux profiles of
green areas designated the integrated radio flux in eventde ten confined flare events are shown in Figir8ome
and at frequencies where the burst was clearly identifiecvents are with good Fermi observation, while some events
In the panel of 2014 Oct. 18, the integrated radio fluxare not. Only the better one was included. Most of the
(green area) of the MF1 event at 245, 410, and 610 MH£Vents have no credible flux enhancement abo® keV.

was not plotted because of strong radio interference. IRl the events has no credible flux enhancement at energy
the panel of 2014 Oct. 27, the time range (blue line) ofof higher than 300keV. For each event, the right panel
the third event (MF18) did not include the radio burst justshows the photons flux spectra of the event. Both the
before the event. But the flux value of this event is stillcounts flux and photons flux spectrum were analyzed with
kept for the later energy analysis. In the panel of 20140lar software (SSW). The SSW supplied sets of program
Oct. 28, the mini panel of radio observations shows thénd tools. Thus the counts flux and photons flux can be
flux profile had some jumps (gray line) around the burstobtained. The integrated photon flux (fluence) spectrum is
Thejumps were corrected as shown by the black lines. Th@e integration of all the phOton flux within the event time
MF22 event showed the radio burst happened only abovéed lines in Fig4).

9.4 GHz. In the panel of 2014 Oct. 29, the MF24 is a long ] o o
duration event with multiple flares. The radio flux of the In the following we con(_JIuct a quan_tltatlve analysis in
background decreased or increased along the time becau%réjer to search for correlations. For microwave bursts we

of some uncertain reason. A time-varying background ha§onsider the peak flux density, the flux density integrated
over the entire event at a given frequency (fluence), and
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Fig.3 Composed figure dBOES SXR flux and radio flux of ten events during six days. For eagh tthe GOES-15 soft
X-ray flux is plotted in the top mini panel, and the radio fluxRBTN or NORP observation at several frequencies in the
bottom mini panels. As an example, top of panel (1), the natiegl SXR flux of the flare after background subtraction is
displayed byred (1—8&) andblue (0.5—42\) shading. Thevertical blue andred lines mark the start-end time and the peak
time, respectively. Theertical orangelineis the HXR peak time. Thgreen area is the integrated radio flux of the burst
after background subtraction.

the total energy radiated during the microwave burst. Fosubtraction of the pre-event background. In the microwave
reference we consider the SXR peak flux and fluence. band > 1GHz, the peak times are almost the same at

(1) Background radio flux4y(r)): The background different frequenues n most.cases.
flux density, which must be subtracted, was calculated as _ (3) Radio fluence at a single frequendylfen(v)):
the average value during a time interval lasting severaTh'S is the integral of the ra_dloflux densnydurm_g thg burst
minutes outside thEOES SXR event, avoiding any period aﬂgr background-subtraction (the green area in Ejat
of enhanced solar radio emission or terrestrial interfegen & Single frequency. For some events thé&luen(v) at
The standard deviation was also calculated during thi£OW fr_equenC|es were not plotted because of interference.
interval, and the time of the burst was considered a&TacticallyFluen(v)is calculated as the sum
the time interval where the flux density exceeds the
background plus three times the standard deviation. ThEluen(v)
solar flux unitis 1sfu¥0=26 J st m=2 Hz~ ..

S

- 2
=m

[Si+1 +5;, —2 % Sbg] X [ti+1 — tz]) .
1)

(2) Peak radio flux §,cax(r)): This is the peak flux Here,S; is the instantaneous radio flux of the burstis
value during the event (vertical red line in Fig), after frequency; = m — n is the data numbet,is the time in
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Fig.4 Fermi or RHESSI HXR counts flux and photons flux spectra of t@mts. For each event, the HXR flux of six
energy bands is plotted in the left mini panel by differerioce. Thevertical red andblue lines mark the event time and
the background intervals, respectively. In the panel optiatons flux spectrum tHaue lines show the flux spectra of the
background. Theed lines show the peak flux spectra after background subtraction.or&iege lines are the integrated

photons flux (fluence) spectra after background subtraction

seconds. Equatiorl) gives the fluence of the radio burst J m2.

in units of J nT2 Hz L.

n

Eiotal = Z(%[Fluen(uiﬂ) + Fluen(v;)] X [viy1 — vi)).

i=m

(4) Radio burst total energy4..ta1): The total energy

2
(5) Background SXR fluxfsxr 1g): It was calculated

of the radio burst can be calculated by summing theas the average value of several minutes before3OES
fluences over frequency, as in Equatidd), (using only  SXR eventtime (vertical blue line in Fig). The SXR flux
interference-free frequencies above 1GHz. The unit isinitis Watt nT 2,
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Fig.6 Panels (1)—(5) plot the microwave burst fluence at five NORBUencies versus SXR fluence in the {&OES
bands. Panels (6)—(10) plot the microwave burst peak fluxwatNiORP frequencies versus SXR peak flux in the two
GOESbands. Panel (11) plots the microwave burst energy versisfiénce in the twdGGOES bands. Panel (12) plots
the microwave burst peak flux versus SXR peak flux iQ the®@ES bands. The cross and star symbols are microwave
burst versus SXR flare @OES0.5-4A (A band) and 1-8 (B band), respectively. The correlation coefficients (au#l
ccB) between microwave burst and SXR flare in the ®@ES bands are indicatedRed andblack symbols distinguish

the two event classes as in Fig.
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Fig.7 The upper panel plots the correlation coefficients betweamowave burst fluence at NORP six frequencies
(different color) and HXR fluence in 76 raw bands within 4-250keV. The lineis the correlation coefficients between
microwave burst energy and HXR fluence. Tdteshed line marks the value of 0.94 which decided by all the cases
within 15-50keV. The bottom panel plots the peak flux cotretacoefficients between microwave burst at NORP
six frequencies and HXR flare in 76 raw bands within 4-250 Kehé red line is the correlation coefficients between
microwave burst peak flux (maximum value within NORP 1-35 Gatrd HXR peak flux.

(6) Peak SXR flux £sxr_peak): This is the peak value microwave burst andGOES SXR flare. The third
during the SXR flare event. Usually it is defined as the SXRsubsection analyzes the relationships between microwave
flare class . burst and HXR flare.

(7) SXR fluence Fluengxr): It was calculated as the
integral of the background-subtracted SXR flux during the3.1 The Spectral Characteristic of the Confined Flares
flare at a single band. The unitis Jf In the top panel (1)
of Figure 3, the red area ig'luengxgr at 1-& (A band) According to the above analysis in Secti@hwe may
and the blue area Bluengxr at 0.5—4 (B band). It can classify ten confined flare events into two classes. The first
be calculated with the analogue of Equati@h ( class events were accompanied by decimeter or centimeter

In the next section, we will present the statistical spectral fine structure or IP burst (only one case), and also
results of the energy, spectral characteristics and theegtl microwave continuum burst. The microwave spectra of this
correlations. class are plotted in red color in Figuke The 2nd class
events have only microwave continuum at frequencies
higher than 2.695 GHz, without spectral fine structure or

3 RESULT . -
IP burst. The spectra are plotted in black color in Fighire

This section illustrates the results of our analysis. The Figure5 displays the peak flux spectra and the fluence
first subsection analyzes the spectral characteristidseof t spectra of ten confined flare events. The left panel shows
ten confined flare events, the relationship between ththe peak flux spectrum. The flux value is calculated
spectral characteristics and the flux spectrum, and thefter subtracting the background radio fl§x.(»). The
relationship between the spectral characteristics and thealculation was illustrated in Sectidhand Figure3. In
fluence spectrum. The spectral characteristics include thae microwave band, Tableand the left panel of Figurg
microwave continuum, centimeter and decimeter spectrahow that the peak frequency of all events is greater than or
fine structures, and bursts at meter-kilometer wavelengthgqual to 4.995 GHz. The peak frequency of the events with
The second subsection analyzes the relationships betweéne structures is lower than or equal to 17 GHz. The peak
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frequency of the events without fine structuredisd ~  higher than peak flux correlation coefficients for most
17GHz. In the right panel the radio burst fluence is plottedenergy bands. 3) The peak flux or fluence correlation
versus frequency. The radio burst fluence of the events withoefficients have no significant difference among different
fine structure tends to be higher than that of the eventBequencies in the range of 1-35GHz. However, in the
without fine structure. The event of 2014 Oct. 29 MF24HXR 40-80keV band, there is a weak trend that peak
is an unusual long duration event with multiple energyflux correlation between microwave at 35 GHz and HXR
releases, thus the radio burst fluence is slightly higher thaare higher than that at low frequencies. 4) The correlation
other events without fine structure. The MF18 burst has thbetween microwave burst total energy and HXR fluence
lowest fluence among the events with fine structure, buttheas no significant difference compared to that between
fine structure itself is also faintS(u.st ~ Spe + 30) and  microwave burst fluence at six frequencies and HXR
of very short duration<€ 1 second). So this is consistent fluence. Also, the correlation between microwave burst
with an overall trend that events with fine structure havepeak flux (maximum value within NORP 1-35GHz) and
higher peak flux and higher fluence than events withouHXR peak flux has no significant difference compared to
fine structure. that between microwave burst peak flux at six frequencies
and HXR peak flux.
3.2 The Relationships between Microwave Peak Flux,
Fluence, Energy and SXR Peak Flux, Fluence 4 CONCLUSION AND DISCUSSION

The microwave burst peak flux, fluence, energy and SXFrom the above multi-wavelength observations and statis-
peak flux, fluence of all ten events were calculated witHical analysis on the energy and spectral characteristics o
the method illustrated in Sectich Figure 6 shows the the confined flares we obtained the following conclusions:

relationship between microwave burst aB®ES SXR (1) All the confined flare events were associated

flare. Panel (1)-(10) plotted the relationship betweerVith microwave continuum burst extending to frequencies

NORP microwave burst anBOES SXR flare, only seven ©f greater than 9.4GHz. Five events were associated
events with NORP observation were included, while theVith spectral fine structures at decimeter or centimeter
other three events with only RSTN observation werevavelengths. With the exception of one single event where
not because the frequencies are different. The correlatiod type Il burst was observed, the radio emission of the
coefficients between microwave burst fluence and Sxreonfined flares did not extend to meter wavelengths or
fluence are> 0.89 in the frequency range of 2—35 GHz. beyond.

While the correlation coefficients between microwave (2) The peak frequencies of all confined flare events
burst peak flux at single frequency and SXR peal@re higher than 4.995GHz and lower than or equal to
flux are very poor or negative. The highest correlationl7 GHz.

coefficient is microwave fluence at 17GHz and SXR  (3) The radio burst fluence in the range 2-35GHz of

fluence. Panels (11) and (12) show that the correlatiofhe events with spectral fine structures tends to be higher
coefficients between microwave burst energy and Sxghan that of the events without spectral fine structure. The
fluence are much higher than the correlation coefficient§e€nd is less clear for the peak flux.

between microwave burst peak flux and SXR peak flux. As we mentioned above, it is interesting that there is

The correlation coefficient between the microwave bursPne eventaccompanied by an IP type Il burst at meter-to-
and the SXR flare in two bands are approximative. kilometer waves, while about half of the flares of class M

or above are accompanied by IP type Il burie( et al.

3.3 The Relationships between Microwave Peak Flux, 2020. Confined flares usually have no radio emission at

Fluence, Energy and HXR Peak Flux, Fluence meter wavelengths or beyon&g¢palswamy et al. 2009
Klein et al. 2010, because the energetic electrons do not

The HXR photons flux and fluence were calculatedget access to magnetic structures that extend high into the
with SSW. Figure7 plotted the correlation coefficients corona. Nine out of the ten events studied here confirm
between microwave burst fluence or peak flux at NORRhis. The event with a type lll burst was exceptional in
six frequencies and HXR fluence or peak flux in 76 rawthat it was located in the periphery of the active region,
bands within 4-250keV. Only seven events with NORPrather than in the coreChen et al. 2015 i.e. at a place
observation were including. From the figure we can obtairwhere energetic particles are indeed expected to get access
results: 1) The correlation coefficients within 15-50keVto open magnetic field linesAkisa 1974 Zlobec et al.

are higher than that15keV or>50keV. The correlation 199Q Poquérusse & Mclntosh 199H0fmann & Ruzdjak
below 10keV or up 80keV are poor or negative. 2) Below2007. The event is hence in line with the nine confined
80keV, the fluence correlation coefficients is slightly events, and confirms the picture of electron confinement
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when the energy release occurs in the core of stronthe peak flux is high, while the fluence and total energy is
magnetic fields. low. Figure7 shows high correlation coefficient-(0.94)

It is not a surprise that half of the confined flaresbetween microwave burst fluence (or total energy) and
are accompanied by spectral fine structure, given thdtXR fluence in 15-50keV. They are slightly higher than
Tan et al.(2019 reported some small or micro flares canpeak flux correlation between microwave burst and HXR
still generate radio fine structure. The peak frequency ofiare for most energy bands below 80keV. The peak flux
all confined events is between995 and aboutl7 GHz,  correlation only shows high coefficient (0.94) between
and > 9GHz for nine of them. This is higher than the microwave burst at 17-35GHz and HXR flare in the 30—
usual median range of.9 ~ 9GHz (Nitaetal. 2003  40keV. This is a clue that with microwave burst fluence
The higher peak frequency indicates stronger magneti@r total energy one can estimate a flare in a wide range
field in the source region, considering microwave burstglobally, while with peak flux one can diagnose a flare
to be generated by the gyrosynchrotron mechanBumik(  partially.

1985. This indicates that the magnetic field surrounding  In Figure 7, the correlation coefficient between
the energy release region of a confined flare is strongghicrowave burst fluence (or peak flux) and HXR fluence
than that of the normal events. This result is consistenor peak flux) is higher in the 15-50keV range than
with earlier work on confined flare$\ang & Zhang 2007  4-15 keV. This is consistent with the fact that both the
Masson et al. 201 7Amari et al. 2018 Baumgartner et al. higher-energy HXR emission and the microwave emission
2018 Li et al. 2019. The radio burst energy of the events are produced by nonthermal electrons. The decreased
with fine structure tends to be higher than that of the eventgorrelation coefficient in the 50-100keV range, and the
without fine structure. Such a trend is more pronounced fopegative coefficient above 100keV indicates the lack
the energy than that for the peak flux. We suggest that thef HXR photons with energy above around 50keV in
occurrence probability of fine structure is more stronglythe considered confined flares. Figutealso shows that
related with the emitted microwave energy than with peaknost of the confined flares had no significant HXR
flux. The radio spectral fine structures are always generateg@hotons flux increase above 50 keV, thatis, the background
by energetic electrons accelerated in the flare, and thgpectrum dominates above 50 keV. WhHeucker et al.
radio spectral fine structure can be regarded as a signé2020Q demonstrated the microwave (17 GHz and 34 GHz)
of accelerated electrons in the flare event. Therefore theeak flux shows good linear correlation with the non-
flare event with radio spectral fine structures may involveghermal hard X-ray bremsstrahlung peak emission above
much more energy than that without radio spectral findoOkeV. Our finding of a reduced efficiency of electron
structures. acceleration to very high energies extends the finding by

We analyzed the relationship between microwavel halmann et al(2019 for the X1.6 flare on Oct. 26.

burst and3OESSXR, the relationship between microwave N conclusion, the microwave burst energy (or fluence)
burst and HXR, and found that: and peak frequency are better than radio peak flux to

estimate the power of flare. It is consistent with the result

burst fluence (or total energy) a@DES SXR fluence are of Grechnev et al(2015. Thus in general, the microwave

much higher than that between microwave burst peak quQurSt energy (or flqehce) is. .one of the most important
andGOESSXR peak flux. parameters determining ability of solar flare events to

(2) The correlation between microwave burst and HXRprOduce high energy particles. The energies to which
shows that: 1) The correlation coefficients within HXR 15_electrons are accelerated in confined flares tend to be lower

! n in eruptive flares, while the magnetic field aroun
50keV are higher than other energy bands. 2) For mostpa eruptive fla es, whiie the magnetic field around
e energy release region is stronger. However, only ten

. - t
energy ban.ds below 80keV, the correlation coefficients onfined flares were studied in this work, and they belong
between microwave burst fluence (or total energy) an<§ . . .
. . 1o the same active region. In future work, we will extend
HXR fluence are slightly higher than peak flux Correlatlonthe analysis to more confined flares, and other populations
coefficients. 3) In the HXR 40-80keV band, there is a y . . . Pop
) . of flare events in more active regions.

weak trend that peak flux correlation between microwave
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