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Abstract In this paper we investigate three novel rising submillien€fHz) bursts that occurred sequen-
tially in Super Active Region NOAA 10486. The average rishage of the flux density above 200 GHz
is only 20 sfu GHz! (corresponding to spectral indexof 1.6) for the THz spectral components of the
2003 October 28 and November 4 bursts, but it attained vaifig85 sfu GHz ' (o = 4.8) in the 2003
November 2 burst. The steeply rising THz spectrum can beyzediby a population of highly relativistic
electrons with a low-energy cutoff of 1 MeV, but it only recgs a low-energy cutoff of 30 keV for the two
slowly rising THz bursts, via gyrosynchrotron (GS) radiatbased on our numerical simulations of burst
spectra in the magnetic dipole field case. The electron fewaiiation is much larger in the THz source
than in the microwave (MW) source. It is interesting that Tiéz source radius decreased by 20%%50
during the decay phase for the three events, but the MW sacoeased by 28 for the 2003 November

2 event. In the paper we will present a formula that can be tesedlculate the energy released by ultrarel-
ativistic electrons, taking the relativistic correctiaria account for the first time. We find that the energy
released by energetic electrons in the THz source exceatisttihe MW source due to the strong GS radi-
ation loss in the THz range, although the modeled THz souezia 3—4 orders smaller than the modeled
MW source one. The total energies released by energetit@hsosia the GS radiation in radio sources are
estimated, respectively, to 52 x 1033, 3.9 x 1033 and3.7 x 1032 erg for the October 28, November 2
and 4 bursts, which are 131, 76 and 4 times as large as theahenergies 0£.9 x 103!, 2.1 x 103! and

5.2 x 103! erg estimated from soft X-ray GOES observations.
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1 INTRODUCTION AR NOAA 10486 on 2003 October 28 and November 2
and 4. For the three events, none of the radio spectra above

Solar flares are a consequence of magnetic instabilitied00 GHz were the continuation of the GS spectrum mea-
in solar flare regions. During the flares, a large amoungured at lower frequencies, but surprisingly they showed
of magnetic energy is converted into the acceleration oficreases with increasing frequency (LUthi et al. 2004a;
charged particles. A broad spectrum of electromagnetil;(a_Ufma”n etal. 2004;_S|Ivaet al. 2007; Trottet et al. 2008).
radiation is emitted. So, one of the most direct diag-This spectral feature is termed a “THz component.” The
nostics of energetic<1 MeV) electrons accelerated dur- POsitive-slope THz bursts have been observed thus far in
ing solar flares is their gyrosynchrotron (GS) radiationonly a handful of the most energetic events (Krucker et al.
at centimeter-millimeter wavelengths emitted in magnetic2013). So, the three THz burst observations that occurred
loops associated with the flaring active region (AR) (e.g.In the same AR are very valuable for understanding this
Pick et al. 1990; Bastian et al. 1998). Before the yealProCess.

2000, no radio observations above 90 GHz were available.

At such frequencies the characteristic energy of radiatin%bservational window and its role is special compared to

electrons is of order a few MeV (e.g., Dulk 1985; Ramaty ; : . .

. . . other wavelength ranges, because it can provide unique di-

et al. 1994). Since 2000, new instrumentation for observ- . . S

oo . nostics about energy release in ultrarelativistic edest
ing in the 200-400 GHz range has become available, an ; . .

nd their environment in lower levels of the atmosphere

more than 10 flares have been observed in this band (LUtf?l .
e ) rom 1000 to 30 000 km above the photosphere in flare re-
etal. 2004a,b; Silva et al. 2007; Krucker et al. 2013). gions. The THz events that occurred on 2003 November 4
It is interesting that among them, three strong submiland 2 have been studied briefly (Zhou et al. 2010, 2011). In
limeter bursts occurred in succession in the same Supéhis paper we will investigate the 2003 October 28 eventin

The THz wavelength range (0.1-10 THz) is a frontier



2 A. H. Zhou, J. P. Li & X. D. Wang

detail. We carried out a series of numerical simulations for
the spectral observations, using our GS emission model in [ T ¥

the case of a magnetic dipole field (Zhou et al. 2008).

In this paper we will present, for the first time, a for-
mula that can be used to calculate the energy released by
energetic electrons in the THz emission region, including
the relativistic correction. We will use it to obtain an es- — 100007
timation of the energy released by energetic electrons in - i
THz and microwave (MW) emission regions for the three —
THz events. The total non-thermal energy released by en-
ergetic electrons in the radio wavelength range and thermalé
energy estimated from the soft X-ray GOES observations

T
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are estimated and compared for the three bursts. Finally, = » X
we present discussions and conclusions. 11:25:00 X T
o
1000 | ST e % 7
2 OBSERVATIONS F oo & - 1
Extensive flare activities were observed in a Super AR 1 ‘ fl" """
NOAA 10486 during its disk passage that occurred on 10 100

2003 October 22 — November 4. Among them an extremely
energetic 4B/X17.2 flare on 2003 October 28/11:10 was
observed Wh?n the Super AR was located at 516. E08, "eFIg. 1 The temporal evolutions of radio spectra of the October 28
close to the disk-center. The flare was rated the third largeg given by Liithi et al. (2004a) and their associated(§iee
X-ray flare recorded by the GOES satellite and the largeshe solid lines).
optical class (4B) flare observed so far. It was associated
with a large MW burst and a rising THz burst. Emissionare no significant differences between the spectra emit-
at 210 GHz was first detected by the KoIn Observatory fored by the extended and the compact sources (Liithi et al.
Submillimeter and Millimeter Astronomy (KOSMA) as a 2004a). The flux density at 210 GHz increased from 3100
slow rise in intensity atv11:00 UT (LUthi et al. 2004a; to 11000 sfu in a period from 11:03:15 to 11:05:25 UT at
Trottet et al. 2008), i.e, ten minutes before at the onset ohe rise phase, but the 230 and 345 GHz KOSMA channels
the flare. After a dramatic increase~at1:02:30 UT, enor-  were saturated at these times due to the enormous flux den-
mous peak flux densities of 25000 and 11000 sfu wergity of the burst. So, the corresponding flux densities have
reached at 11:05:25 UT at 90 and 210 GHz respectivelyiot been recorded at 230/345 GHz during the main phase.
(see Fig. 1). Figure 1 shows the temporal evolution spectra of this event
The second rising THz burst in Super AR 10486 wasgiven by Liithi et al. (2004a).
detected by the Solar Submillimeter Telescope (SST) at The rise rater of the flux density measured from
212 and 405 GHz (Silva et al. 2007) in the flare on 2003he observed spectra is in the 18.5-8.5 sfu GHmnge
November 2 starting at17:16 UT. This flare is classified during the October 28 burst (see Table 2), i.e., it is a
as an X8.3 and 2B event. Their peak flux densities reacheslowly rising THz burst. The second THz burst occurred
values of about 4000 and 70000 sfu at 212 and 405 GHan November 4, exhibiting four peaks. Its rising rates of
respectively. When the Super AR passed the west limb ofux density are also given in Table 2. It shows that for
the solar disk, the third large rising THz burst was observeghe 2003 November 4 event, variation of thealue is in
by SST on 2003 November 4/19:42 UT (Kaufmann et althe range 7.8—44 sfu GHz, which means that it is also
2004). It was associated with a5 flare, which was the  a slowly rising THz burst. Their average rising rate only
largest X-ray event since observations beganin 1976 (Kaneaches 20 sfu GHZ (corresponding to a spectral index
et al. 2005). The peak flux densities at 18 and 212 GHz aty of 1.6) for the two events. The rising rates of the steeply
tained, respectively, values of 48 000 and 11500 sfu at thesing THz burst from the 2003 November 2 event were es-

frequency [GHz]

maximum phase (see Table 1). timated (Li et al. 2016). Its average rise rate could attain a
value of 235 sfu GHz! (a=4.8) for the 2003 November 2
3 RISING RATE OF FLUX DENSITY IN THE burst, which is about one order of magnitude higher than
SUBMILLIMETER SPECTRUM that for the two slowly rising THz bursts.

For the rising THz burst on October 28, emission aty F|TSOF THE THREE RISING

210 GHz was detected as a slow rise in intensity at gyBMILLIMETER BURST SPECTRA

~11:00 UT. The total flux density time profile exhibits

a slowly varying, time-extended component from an exdt is well known that the radio spectrum can provide cru-
tended source and a short-lived component from a compactal information about energetic electrons and their envi-
source exhibiting three distinctive peaks. However thereonment in solar flares. This information mainly contains



Diagnostics From Three Rising Submillimeter Bursts 3

Table 1 Three Novel Rising THz Burst Observations in the Super AR8E04

Date H, X-ray Position Snvw (sfu) S~200 GHz (sfu) S105 aHz (sfu)
1028 2003/11:02 4B Xi7.2 S16E08 S90 GHz : 25000 11000

11 02 2003/17:16 2B Xg.3 S18W56  Sis gHz : 35000 4000 70000

11 04 2003/19:42 3B X>08 S19W83  Sis gz : 48000 11500 20000

Table2 Rising Rates (sfu GHz ') of the Flux Density of the THz Component at the Rise, Maximamd Decay Phases for the Three
THz Bursts, Measured from the Observations at 210 and 230%4z (KOSMA), and at 212 and 405 GHz (SST).

Date Time Rise phase Max. phase Decay phase S-.200 ¢Hz S3450r405 GHz r (sfu GHz™ 1)
2003 10 28 11:03:15 yes 3.1 x 103
11:05 : 30 yes 1.1 x 10%
11:16:00 yes 2.2 x 103 4.7 x 103 18.5
11:20:15 yes 1.2 x 108 2.3 x 103 8.5
11:25:00 yes 8.5 x 102 2.7 x 103 13.7
11:29:00 yes 8.0 x 102 2.6 x 103 13.3
2003 11 02 17:16: 15 yes 1.2 x 108 3.1 x 10* 154
17 :17: 06 yes 4.0 x 103 7.0 x 10% 342
17 :17: 30 yes 3.2 x 103 5.0 x 10* 242
17 : 18 : 00 yes 3.5 x 103 4.0 x 104 210
17 : 18 : 30 yes 4.0 x 103 5.8 x 10% 280
17 :19: 00 yes 5.0 x 103 5.5 x 10* 259
17:19: 30 yes 5.0 x 103 5.5 x 10% 259
17 : 20 : 00 yes 5.0 x 103 4.8 x 10* 223
17 :21: 00 yes 4.5 x 103 3.2 x 10* 142
2003 11 04 19 : 42 : 40 yes 2 x 103 5x 103 15.5
Peak 1 19 : 44 : 05 yes 1.15 x 104 2.0 x 104 44
Peak 2 19 : 45 : 20 yes 10 1.65 x 10% 33.7
Peak 3 19 : 46 : 50 yes 104 1.5 x 104 25.9
Peak 4 19 : 48 : 25 yes 3.7 x 103 5.2 x 103 7.8

the energy spectral index low-energy and high-energy MW emission spectra are given in Figure 1 in the case of a
cutoffs £y and E,,, respectively, electron number density magnetic dipole field, which are superimposed on the orig-
N, source size and magnetic field strenftlin the source inal figure 10 (dotted lines) given by Luthi et al. (2004a).

region. It is shown that the modeled spectra agree well with the
observational ones from the October 28 burst at 11:05:30,
4.1 For the Two Slowly Rising THz Bursts 11:08:00, 11:16:00 and 11:20:15 UT (see the solid lines).

The physical parameters used in the spectral calculations
Here we will model the slowly rising THz spectral com- are given in Table 3. We can find from Table 3 that during
ponents of the 2003 October 28 burst for the first time. Fothe THz burst, the required number density of electrons de-
this rising THz burst, the flux density at 210 GHz increasectreased substantially from5 x 101 to 4.5 x 108 cm—3
from 3100 to 11 000 sfu at the rise phase but the correat the decay phase. The fit results for the MW spectra
sponding higher frequency (> 210 GHz) observations of the October 28 burst are also given in Table 3 during
have not been obtained during the main phase. So we cdhe burst forEy, = 10 keV and E,,, = 5 MeV. At the
only estimate the minimal conditions that could producedecay phase, the electron number denaityn the MW
the rising THz spectral component with a 11 000 sfu fluxsource decreased frofn< 107 to 1.5 x 10% cm ™3, i.e., de-
density at 210 GHz at the maximum phase via the GS emissreased by 40 times, but the value/éfdecreased by 100
sion, which leads to the modeled spectrum being largelyimes in the THz source. The total electron numbes;.;
underestimated. It is well known that the low-energy cut-decreased by-40 and~400 times in the MW and THz
off and electron density can substantially affect the specsources, respectively.
tral calculations, so we selected, respectively, a sequenc  Another slowly rising THz burst on November 4 was
of low-energy cutoffst, and a sequence of electron num- associated with the largest soft X-ray bur&t(,s) so far.
ber densitiesV to model the THz burst spectra fé,, =  However the associated rising THz spectral components
10 MeV. We find from these spectral calculations that theare not so strong and the rising rates are only in the range
best set of values for the THz burst spectral fit at 11:05:30.8—44 THz (see Table 1), so it is also identified as a slowly
UT of the maximum phase are for the low-energy cutoffrising THz burst. The results of their spectral fit for peak 1
of 30 keV and the number density @f5 x 10'° cm™3,  and peak 4 have been published (see the original fig. 2 and
whereé=2, By = 5000 G, § = 10° andhy = 10® cm.  table 2 in Zhou et al. 2011). The required high-energy cut-
The other two THz spectra at 11:16:00 and 11:20:15 UToff is also only 30 keV for the 2003 October 28 THz burst.
at the decay phase are also fitted. The modeled THz arithe flux density reaches 11500 sfu at 212 GHz for peak
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Table 3 Physical Parameters of Energetic Electrons for the Threst8Bu

Date Time & MW:R’ N(cm™3) Nygga THZR’ N(m™3)  Nigal

2003 1028 11:05:30 2 25 6.0 x 107 2.0x10% 0.5 4.5x 1019 5.9 x 1034
11:16:00 2.2 25 2.0 x 107 6.6 x 103 0.35 6 x 109 3.8 x10%3
11:20:15 1.9 25 1.5 x 108 4.9 x10% 0.25 4.5x10% 1.5 x 1032
2003112 17:16:15 3 25 8.0x 107 2.6 x10% 0.5 8 x 106 1.0 x 1031
17:17:06 3 25 1.8 x 108 5.9 x10%® 0.5 4% 108 5.2 x 1032
17:17:30 3 25 1.6 x 108 5.3x10% 0.5 108 1.3 x 1032
17:18:00 3 25 1.6 x 108 5.3x10% 0.5 4x107 5.2x103
17:18:30 3 25 1.6 x 108 5.3 x 10%® 0.5 3x10% 3.9 x 1032
3
3
3
3

17:19:00 25 1.5 x 108 5.0x10% 0.5 2x 108 2.6 x 1032

17:19:30 30 1.3 x 108 6.1 x10%° 0.45 2x10% 2.2 x 1032

17:20:00 30 1.3x 108 6.1 x10%® 045 1.3x 108 1.4 x 1032

17:21:00 32 1.3 x 108 7.0 x10%®  0.38 7x 107 5.3 x 103!

200311 4 P1 23 40 1.2x10% 1.0x10% 05 1.0 x 1010 1.0 x 103
P2 23 40 6.0 x 10° 5.0 x 103  0.25 5.5x 109 1.8 x 1032

1, which is close to the peak flux density of 11000 sfuTHz spectrum requires a much higher low-energy cutoff
at 210 GHz for the October 28 burst, but the requiredbf 1 MeV, but the two slowly rising THz burst spectra only
electron number density for the November 4 burst is onlyrequire a 30 keV low-energy cutoff.
1019 cm=2 (see Table 3), which is only 1/5 of the re-
quired value 4.5 x 10'° cm~3) for the October 28 burst. In 5 THE ENERGY FLUX OF ENERGETIC
the decay phase th¥ and N;.:, values decreased about ELECTRONS
one and five times in the THz source, respectively.
The energy flux and energy released by energetic elec-
4.2 For the Steeply Rising THz Burst trons are important constraints on acceleration mecha-
nisms (Miller et al. 1997). These quantities are sensitive t

A giant rising THz burst was detected on 2003 November 2he low-energy cutoff in the electron distribution (Holman
in the Super AR NOAA 10486. Observations show the flux2003). Once the energy cutoffs and the number density of
density of the THz spectrum was steeply rising and the risthe energetic electrons are obtained from the numerical fit
ing rate of the flux density of the THz spectrum attained &2f an observational spectrum, tpe distribution function of
value as high as 342 sfu GHZin the maximum phase. Its €nergetic electron(E) = GE~° and the instantaneous
mean rising rate also reached a value of 235 sfu GHz €nergy fluxEr carried by energetic electrons can be deter-
burst (Li et al. 2016). The flux densities reached aboutS€d to calculatéy at any time, including the relativistic
4000 and 70000 sfu at 212 and 405 GHz at the maximurforrection factory (Lorentz factor) (c.f. Zhou et al. 2011).
phase respectively. The emissions at 405 GHz maintainedis

a continuous high level so that they largely exceeded the 3.0G B B

peak values of the MW spectra during the main phase. Our  Er =~ m(E?ﬁS "~ E350)y (6 #2.5),

studies suggest that such a strong and fsteeply rising _THz Er ~ 3.0 Glu(En/Fo)y

component can be produced by energetic electrons with a 0
low-energy cutoff of 1 MeV via GS radiation in the case of (ergem™"s™7)(6 = 2.5). @)
a magneyc d|p0le_f|eld (Li et al. 2016)..The .ele(_:tron NUM-1ha 7 factor is

ber densityN, derived from our numerical fits, increased

l

substantially frons x 10 to 4 x 108 cm~3 at the rise phase, G N(6—1) 6 #1)
i.e., the N value increased 50 times at the rise phase (see - (Eéfé _ E},ﬂ) ’
Table 3). During the decay phase it decreased 0107 G = N/In(E,,/Ey) (6=1) )

cm~3, i.e., it decreased by about five times from the maxi-
mum phase. The total electron number decreased an order | orentz factory is a function of electron energy. Here

of magnitude at the decay phase. Nevertheless in the MVl is taken as 2 and 7.3 corresponding respectively to 500
emission source thé/ value only decreased by 30%  keV and 3.2 MeV for the two slowly and one steeply rising
and the total electron number did not decrease but rathgrHz bursts. Then we can estimate the instantaneous en-
increased by~ 20% at the decay phase. ergy flux Er at the maximum time by putting these elec-

The fit parameters at the maximum phase for the thretron parameters (see Table 4) into Equations (1) and (2).
radio events are given in Table 4. They indicate that th&'he energy loss rate from the GS radiatiéii,erg s =1 (=
required electron number density reaches0!? cm=—3 for  Ep x A), can be estimated on the the source area A. Finally,
the two slowly rising THz burst spectra at the maximumthe energyF, expressed in ergs (= E’ x AT), re-
phase, which is two orders of magnitude higher than thaleased by energetic electrons via the GS radiation can also
for the steeply increasing one. However, the steeply risindpe calculated based on the lifetiml” (expressed in s),
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which represents the full width at half maximum for the required electron numbé¥ will largely decrease, which
burst time profile. The estimated energy flux, energy los¢eads to the modeled flux densities of the GS emission at
rate and energy released by energetic electrons are given345 or 405 GHz always being lower than the observational
Table 5, corresponding to the THz and MW sources for theesults, i.e., the modeled rising rate is smaller than the ob
three bursts based on on the physical parameters shownservational one, so that the modeled GS spectrum cannot
Table 4. fit the observational spectrum at higher frequencies. B thi
Table 5 shows that the energy flu¥%: carried by case we have to take a smaller source size35", 0.35”,
the energetic electrons reached x 10'°, 8 x 10 and  or even0.25” to fit these spectra in the decay phase for
1.4 x 10 erg cnT2 s~! at the maximum phase in the the three THz bursts, i.e., the THz source radius decreased
THz source for the three bursts, respectively. However iy 20%-50% in the decay phase. The effect of the emis-
the MW source they only reachedi x 10!, 6.6 x10'°and  sion source size on the GS emission spectrum in the THz
1.8 x 10? erg cn 2 s~! respectively, which are 3-5 orders range is given (Li et al. 2016). On the contrary, we also
of magnitude lower than those in the THz source. The enfound that the MW source size obtained from the spectral
ergy loss raté?’ reached ranges 6f1 x 1030 —5.7 x 10%°  fit increased from 25to 32’ at the decay phase of the
and4.8 x 102 —2.5 x 103 erg s~ ! respectively in the THz November 2 burst, i.e., the MW source radius increased by
source and in the MW source at the maximum phase. It i28% . This variation in source size is perhaps a rather inter-
found from Table 5 that although the modeled submillime-esting result. It would be a reflection of the various changes
ter source area is 3-4 orders of magnitude smaller than tfeom the energetic electron acceleration, trapping and the
modeled MW source, the energ¥{y,) released by en- magnetic field topology in the burst source.
ergetic electrons in the THz emission source still exceeds
that (Enw) in the MW source. The ratio diry, to Exiw 6.3 Comparison of Radio Energy and Thermal
is 2.4, 5.0 and 12 for the three events, respectively. The to-  Energy
tal energyE'r released by energetic electrons in THz and
MW sources reachetl8 x 1033, 1.6 x 103 and1.8 x 1032 The energyETn, and Evw released by energetic elec-
erg for the October 28 burst, and November 2 and 4 burstéfons during the October 28 burst in the THz and MW
respectively (see Table 6). So considering the radio energganges can attain values 27 x 10°* and1.1 x 10% erg,

the October 28 burst is the strongest of the three events. respectively, which are the highest for the three bursts.
The total radio energy’r in the THz and MW ranges

of the burst can reach.8 x 1032 erg due to a hard elec-

6 DISCUSSION tron spectral index of 2 and a high electron number density

6.1 Propagation Effect of 4.5 x 10'° cm=3 (see Table 4). So considering the ra-
dio energy, the October 28 burst is the strongest for the

Although flux density at 210 GHz of the October 28 burstthree events. The ratio of the radio energy to the thermal

is smaller than the corresponding value at 212 GHz of thenergy,Er / ET, is 131 for the October 28 burst, i.e., the

November 4 burst, the required electron number densityadio energy is two orders of magnitude higher than the

reaches as high as5 x 10'° cm~3, which is 3.5 times thermal energy estimated from the soft X-ray GOES ob-

higher than that of the November 4 burst, maybe due tgervations of the emission measure and temperature. For

the propagation effect. It was found that the emissivity ofthe November 2 burs&ry, only reached.3 x 1033 erg

GS radiation increases with the propagation angle for thelue to a narrower range of energy released by electrons,

same harmonic number in the MW and millimeter rangefrom 1 to 10 MeV and the mean electron number density.

Also, the increasing trend becomes more obvious (Zho@The value ofE / E is 76 for this burst. For the November

et al. 1999). In the THz range the propagation effect car burst theEr / Et value is only 4, because it is associated

be clearly identified in Figure 2. It shows the different GSwith the largest soft X-ray flare so far and the estimated

emission spectra in the case of different propagation anglehermal energy attained a value®of x 103! erg.

0, whered = 3, £y, = 500 keV, E,, = 10 MeV and

N = 107 cm~3. We can see from it that the flux densities g 4 Comparison of the Modeled Spectra from the

at the higher frequencies in the THz range for= 80° Three Radio Bursts

are, at least, one order of magnitude higher than those for

6 = 20°. The propagation effect results in a higher electrorFigure 3 shows a comparison of the three modeled GS

number density requirement under the quasi-longitudinagpectra fitting the observations of the October 28 and

propagation than that under the quasi-transverse one fé&fovember 2 and 4 bursts over the interval of the maximum

the same observational flux density distribution. phase or at the maximum phase. It shows that the MW
emission of the October 28 burst is the strongest for the
6.2 Variationin Source Size three bursts, because it is produced by energetic electrons

with a harder spectral index (= 2). However, the THz
We find that all the flux densities decreased rapidly in theemission of the October 28 burst appears to be lower, al-
THz range at the decay phase for the three THz bursts. though the observational flux density at 210 GHz is close to
we still take the same source sizR (= 0.5”), then the that of the other two bursts. It results from the correspond-
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Table4 Parameters of the Burst Sources and Energetic Electrohs Maximum Phase for the Three Rising THz Bursts

Date Bo (G) 6° R" 5 Eo (keV) Epm (MeV) N (cm™3) Niotal

2003 10 28 (THz) 5000 10 0.5 2.0 30 10 4.5 x 1010 5.9 x 1034
1102 5000 60 0.5 3.0 1000 10 4 x 108 5.2 x 1032
1104 5000 80 0.5 2.3 30 10 1010 1.3 x 1034
2003 10 28 (MW) 2800 10 25 2.0 10 5 6 x 107 2.0 x 103°
1102 2800 60 25 3.0 10 5 1.8 x 108 5.9 x 103°
1104 2000 80 40 2.3 10 5 1.2 x 106 1.0 x 1034

Table5 Energy FluxEr, Energy Loss Rat&” and Total Energy? Carried by Energetic Electrons via the GS Radiation
in the THz and MW Sources for the Three Submillimeter Bursts

Date N (cm—3) Ep (ergcm™2s71) E’ (ergs™1) AT (s) E (erg)

2003 10 28 (THz) 4.5 x 1010 1.5 x 1015 6.1 x 1030 450 2.7 x 1033
1102 4.0 x 108 8.0 x 1014 3.3 x 1030 380 1.3 x 1033
1104 1010 1.4 x 1014 5.7 x 1029 300 1.7 x 1032
10 28 (MW) 6 x 107 2.4 x 101! 2.5 x 1030 450 1.1 x 1033
1102 1.8 x 108 6.6 x 1010 6.9 x 1029 380 2.6 x 1032
1104 1.2 x 106 1.8 x 107 4.8 x 1028 300 1.4 x 1031

10000

80

. 1000F 60 E
5 E 1
I r 40 1
— i 1
%)

100 ¢ 20 ]

10 L . .

100 1000
v(GHz)

Fig.2 The effect of the propagation angleéSon the GS emission spectrum in the submillimeter range, evher 3, o = 500 keV,
Em =10MeV, N = 10" cm~® and By = 5000 G.

ing higher frequency{ > 210 GHz) observations that It is found from the numerical fit that the two slowly ris-
have not been obtained during the main phase, so we onlgig and one steeply rising submillimeter spectral compo-
give an increasing THz spectral component with a smallenents can be produced, respectively, by energetic elextron
rising rate, which leads to an underestimated model speavith energy ranges of 30 keV-10 MeV and 1-10 MeV in a
trum. For the November 2 burst the modeled THz emissiomompact source (having a radius of about'P\gith strong

is the strongest among the three bursts and this peak fréiecal magnetic fields varying from 4590 to 780 G via the
guency reaches 1440 GHz, due to intense ultrarelativistiGS emission. The photospheric magnetic field of 5000 G
electron GS radiation in a higher energy emission range ofrould be possible in an observation of a compact source
1-10 MeV under the condition of quasi-transverse prop{Lietal. 2016). The associated microwave spectral compo-
agation. It is shown from the comparison of the modelechents can be produced by energetic electrons with 10 keV—
spectra of the three THz bursts that the emission strengttisMeV and with a mean local magnetic field strength in an
are very different for the three bursts and for the differenextended source with a radius of 280",

emission frequency ranges, which strongly depend on the
electron acceleration and various physical conditione®f t
burst region.

It is found from the spectral temporal evolution that

the variation amplitude in number density is much larger in
the THz source than in the MW source during the bursts.
The dramatic variation of electron number density in the
7 CONCLUSIONS THz source could result from the effective electron accel-

eration in the rise phase and strong electron energy loss

In the paper we investigate the three novel rising submilduring the flare, while in the MW source the variation am-

limeter bursts occurring in the Super AR NOAA 10486. plitude of electron number density is one order of mag-
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Fig.3 The modeled spectra for the observations at 11:08:00 arfibBD UT over the interval of the maximum phase of the 2003
October 28 burst, at 17:17:06 UT of the maximum phase of theeMder 2 burst, and at peak 1 of the maximum phase of the Naemb
4 burst (Zhou et al. 2011).

Table6 Total Radio Energyer (erg) Carried by Energetic Electrons and the Thermal Enékgyerg) Estimated from
the Soft X-Ray GOES Observations

Date ETy, (erg) Enw (erg) Etn,/Evw ER (erg) Er (erg) Er/Etr
2003 10 28 2.7 x 1033 1.1 x 1033 2.4 3.8 x 1033 2.9 x 1031 131
1102 1.3 x 1033 2.6 x 1032 5.0 1.6 x 1033 2.1 x 1031 76
1104 1.7 x 1032 1.4 x 103! 12 1.8 x 1032 5.2 x 103! 4

nitude lower than that in the THz source. This is becausgphase for the three events, but the MW source increased by
in the MW source there are much more electrons that de28% for the 2003 November 2 event. The interesting re-
cay from higher energy to lower energy and less electrosult about source size variations is perhaps significant for
energy loss. The instantaneous energy flux of electrons istudies about energetic electron acceleration, trappidg a
the THz source is about 4-5 orders of magnitude highevariation in the magnetic field variation of the source re-
than that in the MW source for the three bursts. Althoughgion. However we must note that the required source radius
the modeled THz source area is 3—4 orders of magnitudie usually much smaller, based on the GS emission calcu-
smaller than the modeled MW one, the energies releasddtions. Further progress in understanding the physics of
by energetic electrons in the THz source are 2-12 time$Hz emission from flares requires more observations with
those in the MW source due to the strong GS radiation losa complete spectral coverage at the THz range, such as ob-
at submillimeter wavelengths. The total energies releaseservations that can be acquired with the Atacama Large
by energetic electrons via the GS radiation in the MW andMillimeter/Submillimeter Array (ALMA).

THz sources are estimated, respectively, t@18ex 1033,
1.6 x 10%% and 1.8 x 10%? erg for the October 28 and

November 2 and 4 bursts, which are 131, 76 and 4 tim Acknowledgements The authors thank Dr. V. F. Melnikov

®for fruitful discussions. This study is supported by the
i 31 31 )

as large as the thermal energiedf x 10°, 2.1 x 10 National Natural Science Foundation of China (Grant
and5.2 x 10°" erg estimated from the soft X-ray GOES Nos. 11333009 and 11573072), and the “973" program

observations. (No. 2014CB744200).
Our investigations show that the detailed GS emis-

sion models fit the rising submillimeter spectral compo-

nents well for the three novel submillimeter bursts. Sc thi
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