
Solar PhysisDOI: 10.1007/�����-���-���-����-�Sub-terahertz, mirowaves and high energy emissionsduring the Deember 6, 2006 are, � 18:40 UTPierre Kaufmann1;2 � G�erard Trottet3 �C. Guillermo Gim�enez de Castro1 �Jean-Pierre Raulin1 � S�am Kruker4 �Albert Y. Shih4 � Hugo Levato5 Springer ����Abstrat The presene of a solar burst spetral omponent with ux densityinreasing with frequeny in the sub-terahertz range, spetrally separated fromthe well-known mirowave spetral omponent, bring new possibilities to explorethe aring physial proesses, both observational and theoretial. The solar eventof Deember 6, 2006, starting at about 18:30 UT, exhibited a partiularly well-de�ned double spetral struture, with the sub-THz spetral omponent detetedat 212 and 405 GHz by SST and mirowaves (1-18 GHz) observed by OVSA.Emissions obtained by instruments in satellites are disussed with emphasis toTRACE UV, GOES soft X-rays and RHESSI X- and -rays. The sub-THzimpulsive omponent had its loser temporal ounterpart only in the higherenergy X- and -rays ranges. The spatial positions of the enters of emission at212 GHz for the �rst ux enhanement were learly displaed by more than onear-minute from positions at the following phases. The observed sub-THz uxesand burst soure plasma parameters were found diÆult to be reoniled to apurely thermal emission omponent. We disuss possible mehanisms to explainthe double spetral omponents at mirowaves and in the THz ranges.1. IntrodutionAlthough the nature of the partile aeleration mehanisms in solar ares isnot fully understood, their by-produts are usually well desribed and studied.The presene of an independent are terahertz spetral emission omponent,1 Centro de R�adio-Astronomia e Astrof��sia Makenzie,Esola de Engenharia, Universidade PresbiterianaMakenzie, Rua Consola�~ao 896, 01302-907 S~ao Paulo, SP,Brazil. email:kaufmann�raam.makenzie.br2 Centro de Componentes Semiondutores,UniversidadeEstadual de Campinas, Campinas, SP, Brazil.3 LESIA, Observatoire de Paris-Meudon, Meudon, Frane.4 Spae Sienes Laboratory, University of CaliforniaBerkeley, Berkeley, CA, USA.5 Complejo Astron�omio El Leonito, San Juan, Argentina.
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simultaneously to the well known omponent at mirowaves, brought new hal-lenges and possibly new lues to explain the nature of the are primary ael-erator (Kaufmann et al., 2004). The vast majority of mirowave bursts exhibitstypial spetra with maximum uxes in the range 5-20 GHz. Fewer observa-tions arried out at higher frequenies, up to 100 GHz, have shown unommonevents exhibiting uxes inreasing with frequeny, some showing omplex spe-tral shapes, and inetions somewhere between 30-70 GHz, and other atteningat higher frequenies (Croom, 1970; Croom, 1971b; Shimabukuro, 1970; Cogdell,1972; Akabane et al., 1973; Kaufmann et al., 1985; Ramaty et al., 1994; Bas-tian, Fleishman, and Gary, 2007; Altyntsev et al., 2008). The newly disoveredemission intensity inreases with frequeny at sub-THz frequenies as a newspetral omponent learly separated from the well known emission spetrumat mirowaves, displaying a double-struture in the mirowave - submillimeterrange of wavelengths.We will desribe and disuss the solar are of Deember 6, 2006, starting atabout 18:30 UT that exhibited a distint THz spetral omponent throughoutthe event duration as observed by the solar submillimeter telesope (SST) at212 and 405 GHz (Kaufmann et al., 2007) until 18:55 UT. Minutes later, theOVSA (Owens Valley Solar Array) has deteted the largest deimeter narrowband spikes ever observed (Gary, 2008). SST observations were ompared todeimeter to mirowaves obtained by the Owens Valley Solar Array and to X- to-rays deteted by RHESSI satellite. These observations were omplemented byTRACE satellite UV movies. The event orresponds to a 3B are on AR 0930,S06E63, starting at 18:32 UT, maximum at 18:45 UT, and at 21:35 UT, withsoft X-ray GOES lass X6.5.2. Multiple wavelength time pro�les and spetraWe show in Figure 1 the burst intensity time pro�les at two mirowave frequen-ies, submillimeter-waves, soft, hard X-rays and -rays. Despite of good lear-skyonditions at SST El Leonito site the atmosphere measured attenuation washigh. It was measured at 15:30 UT, before the burst, providing optial depths� of 0.35 and 2.6 nepers at 212 and 405 GHz, respetively. At a mean eleva-tion angle of 55Æ the orretion fators to orret antenna noise temperatureswere of 1.5 and 24 respetively. There were indiations of transmission hangesafter 18:55 UT when the 405 GHz data orretions beame inonsistent. Sinethere were no other atmosphere transmission measurements, the analysis wasinterrupted. Small hanges in large values of � , as was the ase for 405 GHz,may bring signi�ant hanges in orretion fators, whih annot be taken intoaount here. The labels at the top of Figure 1 refer to: the preursor-like �rstenhanement (A), the maximum impulsive-like phase (B) and following timestrutures (C). In phase (B) the sub-THz time pro�le ompares to the bulkof impulsive emissions at mirowaves, > 2.7 MeV gamma-rays and toa lesser extent to > 85 keV hard X-rays.
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Figure 1. Time pro�les for the Deember 6, 2006 solar burst. From top to bottom: twomirowaves from OVSA; the two SST frequenies; GOES soft X-rays; RHESSI at hard X-raysand at -rays. Labels (A), (B) and (C) are the time intervals for whih the positions weretaken for the 212 GHz burst entroids of emission, shown in Figure 4. Labels 1, 2 and 3 arethe times when the burst sub-THz and mirowave spetra were taken, shown in Figure 2.Examples for the 212 and 405 GHz spetra are shown in Figure 2 sampledover 8.1 seonds averages (to be omparable to the OVSA time resolution) onthe times labeled 1-3 at the top of Figure 1. The burst spetra exhibited thetwo distint omponents throughout the whole event duration, one peaking atmirowaves, as derived from Owens Valley Solar Array, and another sub-THzomponent inreasing with frequeny, as observed by the SST. The unertaintybars indiate the extreme limits set empirially for a onservative assump-tion of 10% hanges in the optial depths. The sub-THz spetral omponenttogether with the independent mirowave omponent is strikingly evident at thepreursor-like phase (A), being present at the impulsive phase (B), and suggested
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Figure 2. Complete burst spetra, from deimeter to submillimeter waves, for the burst times1-3 labeled at the top of Figure 1. Bars refer to an arbitrary unertainty assumption of 10%hanges in the optial depths. The presene of the sub-THz omponent is partiularly wellde�ned for the preursor-like struture, the impulsive phase, and suggested for the followingphase.for the following phase (C). The OVSA mirowave spetra for the threephases are shown in Figure 2. They are usually attributed to gyro-synhrotron emission by mildly relativisti eletrons (Dulk, 1985). Themaximum emission turnover frequenies hange with time, as it hasbeen known for other bursts (Croom, 1971a; Roy, 1979; Nita, Gary, andLee, 2004). Figure 3 shows the time variation of mirowave turnoverfrequenies fs (whih in some ases annot be unambiguously deter-mined beause apparently it exeeded the maximum OVSA limit),the GHz spetral index for f > fs, the GHz ux at fs and the sub-THz spetral index. The unertainty bar indiates the extreme limitsset empirially for a onservative assumption of 10% hanges in theoptial depths. Rapid superimposed time strutures were present at bothsub-THz frequenies and will be disussed in a separate paper.3. Positions, sizes and uxesThe positions of burst enters of emission an be determined at 212 GHz by om-paring the relative intensities (orreted antenna temperatures) of the SST threepartially overlapping beams (Georges et al., 1989; Costa et al., 1995; Gim�enez deCastro et al., 1999). Beam and soure shapes are approximated to Gaussians. Thesoure's spatial strutures, however, annot be resolved within the di�rationlimit set by the beam angular sizes (4 ar-minutes). A rude estimation of theangular extent oupied by the soure with respet to the beam an be obtainedby means of the ontrast parameter: a ratio between the three orreted antennatemperatures. When the soure size is small ompared to the beam size, theontrast should be high, and the ontrary happens for an extended soure.
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Figure 3. From top to bottom, time variation of: the spetral turnover frequenyfs at mirowaves derived from OVSA observations; of the mirowave spetralindex for f > fs; of the mirowave ux at the turnover frequeny fs. Missingdata orrespond to time intervals where fs an be higher than the maximumOVSA frequeny (18 GHz). Bottom: time variation of the sub-THz spetral index.The bar represents the �xed unertainty on the 405 GHz ux orretion due toatmosphere transmission.
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Figure 4 shows the antenna noise temperature time pro�les, orreted foratmospheri transmission, for the beams spatially lose to the burst loation.There is a good temporal agreement during phases (A) and (B). 405 GHz timestrutures at phase (C) (beam 5) are not always related to the 212 GHz timestrutures (beams 2, 3 and 4). This might be attributed to the enhanement ofatmosphere transmission variations, substantially larger at 405 GHz. The 212GHz emission entroid positions shown in Figure 5 have been estimated from40 ms data and averaged over one seond for intervals labeled (A), (B) and(C) in Figure 1 (top). The sizes and positions for the six SST beams are alsoshown, with respet to the solar limb at the time of the burst. Sine Deember2006, the SST pointing model has provided an absolute position auray of10 ar-seonds r.m.s. for all beams (Wallae, 2006). The positions inferred forpreursor-like burst (interval A) are learly distint by about one ar-minutefrom the positions of the 212 GHz emitting region derived during phases (B)and phase (C).The observed ontrasts between the beam outputs at 212 GHz indiate thatthe soure size was at most of the order of the antenna beam size throughout thewhole event. Sine just one beam is available at 405 GHz no position for emissionenters or burst size ould be estimated at this frequeny. To determine the uxdensities, we �rst ompare the orreted antenna temperatures for the three par-tially overlapping beams to determine the diretion for the maximum emission.The maximum antenna temperature is alulated assuming Gaussian shape forthe three beams. The alulated uxes are for soures plaed at the diretionof maximum emission. They are obtained from the well known relationship forpoint soures (still valid for soures small or omparable to the half-power beamsize), S = 2kTaAe ; (1)where k is the Boltzmann onstant, Ta the antenna temperature and Ae theantenna e�etive area (0.35 m2 at 212 GHz and 0.18 m2 at 405 GHz at thetime these measurements were obtained). At 212 GHz the antenna temperatureaveraged over 8 seonds interval around the burst maximum (at 18 43:51 UT)was Ta � 4900 K. This orresponds to a ux density of about 3800 s.f.u. at 212GHz (1 s.f.u = 10�22 W m�2 Hz�1). The 405 GHz ux densities are similarlyalulated by assuming the soure has the same position as the 212 GHz soure.The mean 405 GHz peak temperature was Ta � 4500 K orresponding to a uxof 7000 s.f.u. The two temperatures are omparable suggesting emission from anoptially-thik soure at the two sub-THz frequenies.The burst uxes refer to Gaussian-shaped soures with equivalent sizes of theorder or smaller than the beam sizes. No estimates an be diretly given foratual brightness temperatures of smaller soures that might be sattered andunresolved over the beam extension.Figure 6 shows emission ontours at UV, soft- and hard X-rays taken alongtime intervals within the three burst phases (see labels at the top of the Figure).
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Figure 4. Antenna noise temperatures, orreted for atmosphere transmission, for the SSTreeivers whose beams are on the burst soures, 5 (405 GHz) 2, 3 and 4 (212 GHz). The beampositions on the solar dis are shown in Figure 5. Note that the temperature sales are di�erentfor the di�erent panels. The preursor-like and impulsive time strutures are well orrelated.The following phase 212 GHz utuations are poorly related to the 405 GHz time variations,whih might reeive onsiderable inuene from atmosphere transmission variations.The preursor-like phase (A) was detetable only at softer RHESSI X-ray ener-gies (> 6 and > 20 keV). The soure is loated about 20 ar-se east from the212 GHz entroid of emission at interval (A). Two small RHESSI hard X-raysoure (> 50 keV) appear at intervals (B) and (C). The southern hard X-raysoure displaes further south by about 20 ar-se from phase (B) to phase (C).The 212 GHz emission entroids at phases (B) and (C) are displaed in the SEdiretion by almost 1 ar-min. There is a suggested entroid onentration atphase (C), displaed and lose to the general hard X-Ray soure position. Thebakground UV TRACE images indiate omplex spatial strutures. Sine the212 GHz beam angular sizes are larger than the frame angular sizes, they may
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Figure 5. The positions for the 212 GHz burst entroids of emission, averaged every seondalong the time intervals indiated in the top of Figure 1, for phases (A) (preursor), (B)(impulsive) and (C) (following). The preursor position is learly displaed by about onear-minute from the remaining burst phases, whih are lose by about 30 ar-seonds to eahother. The six SST antenna beams are shown with respet to the solar disk at the time of theburst. They are onsiderably larger than the emitting soure entroid displaements. For thepreursor-like phase the 212 GHz entroid of emission is loser to beams 3 and 4 produinglarger orreted antenna temperatures, shown in Figure 4.subtend a number of unresolved sub THz soures.4. DisussionThe Deember 6, 2006 are exhibited the THz spetral omponent throughoutthe event duration. It is partiularly evident sine the early phase (A), previousto the impulsive enhanement. The spetrally separated mirowaves omponentwas always present, exhibiting a turnover frequeny at about 6-7 GHz prior tothe impulsive phase (A), when it raised to about 15-13 GHz (B), staying atabout 10 GHz during the remaining time.4.1. Thermal interpretationFrom GOES observations we derived the mean emission measureEM = 1050 m�3 and temperature T = 2:4 107 K (alulated afterGaria, 1994 and Feldman, Laming, and Doshek, 1995) during the interval
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Figure 6. RHESSI hard X-ray (thermal emission in red and non-thermal in blue ontours),GOES soft X-ray (thin blak ontours), and TRACE UV images bakground ontinuumgray-blak areas during phase (A), (B), and (C)(see Figure 1). 212 GHz entroid positions(same as in Figure 5) are shown as magenta rosses for omparison.1843:30 { 1845 UT, whih orresponds to the maximum emission atthe sub-THz frequenies. Images from the SXI on GOES-12 revealeda soft-X ray aring size of approximately 1.5 ar min. With thesevalues, the maximum expeted free-free emission (e.g. Dulk, 1985) of ahomogeneous soure is � 100 s.f.u. with a turnover frequeny around10 GHz. It is orders of magnitude smaller than the observed radiouxes. Nonetheless, we an investigate the neessary onditions thata thermal soure should provide to aount for the inrease in uxabove 200 GHz.
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The optial depth �ff for free-free emission (e.g. Ohki and Hudson, 1975) isgiven by �ff ' 0:19 N2HT 3=2�2 ; (2)where N is the eletron density, T the plasma temperature, H is the sourelenght in the line of sight and an be onsidered H ' Ds with Ds the souresale size and � the frequeny. We may try to reonile this brightness to theobserved antenna temperatures from the well known approximation:Ta ' Tb
s
a ; (3)where 
s is the soure solid angle size and 
a the antenna beam solid angle, anbe approximately written as: Ta ' Tb�DsDa�2 ; (4)where Da is the projeted size on the Sun of the antenna beam. Equating (4)with (2) we obtain N2 ' 5:26 �ff T 3=2a D3a �2D4s : (5)For soure sizes smaller than about 30 ar-seonds the interpretation in termsof optially thik (�ff > 1) free-free emission beomes inonsistent with the212 and 405 GHz measurements beause it implies in an emission measureseveral orders of magnitude larger than the one obtained. Thus, likefor other events exhibiting the THz omponent, the thermal interpretation isnot onsistent with a ompat soure (Kaufmann et al., 2004; Kaufmann andRaulin, 2006; Silva et al., 2007; Trottet et al., 2008).4.2. Non-thermal interpretationIf the 212 and 405 GHz soures are small, non-thermal mehanisms by highenergy partiles (eletrons and ions) have to be onsidered to produe the emis-sions observed during the Deember 6, 2006. If a number of plausible soureand medium parameters are assumed, the optially thik gyrosynhrotronemission and the free-free absorption might be taken in onsiderationto aount for the observed ux inrease with frequeny. Assuming,for example, a burst ylindrial volume with � 1 ar-seond diameterand � 1 ar-seond height, on a plasma medium with ambient densityof � 1012 m�3 and a temperature of a few 105 K, implies in a moderate�ff (200 GHz) � 2. If the aring area has a magneti �eld B � 2000 G,and the non-thermal eletrons a mean density � 1010 m�3 for energies
SOLA: paper_v20081022.tex; 23 Otober 2008; 11:22; p. 10



E � EÆ = 25 keV the self-absorption will also ontribute with theattenuation of the mirowaves while still produing enough emission atthe sub-THz domain. Of ourse the two sub-THz frequenies data points forthe Deember 6, 2006 burst are not suÆient to de�ne the omplete synhrotronspetrum and the various parameters involved to shape it.A hallenging explanation is needed for the "double spetral" emission, withone mirowave omponent peaking between 6 and 15 GHz and another spetrallyindependent omponent peaking somewhere in the THz range. One explanationmight oneive independent aelerators at the aring soure, produing di�erentenergy eletrons nearly simultaneously, emitting at two spetral omponents.However the observations available are too limited to bring any favorable evi-dene for this possibility. Another senario suggested by Wild and Smerd (1972)might be adopted, plaing a single aelerator loser to a single polarity foot-point injeting eletrons into a magneti morphology split into two separateloops, one low altitude with stronger �eld, another weaker �eld, higher abovethe solar surfae, originating the two synhrotron spetral omponents. Althoughthis possibility was suggested in the disussion of other bursts of this lass (Silvaet al., 2007; Trottet et al., 2008; Cristiani et al., 2008), it requires a number ofseletive free assumptions for the emissions not suÆiently onstrained by theexisting observations.Synhrotron emission from high energy positrons was �rst proposed by Lin-genfelter and Ramaty (1967) to aount for mirowaves.More reently, Trottet(2006) suggested that positrons from harged pions would be an attra-tive possibility to explain the THz omponent. Indeed, for one event,Trottet et al., (2008) showed that: (i) the 210 GHz impulsive phaseemission started simultaneously with the pion prodution and; (ii) the210 GHz emitting soure oinided with a region of ion interations,distint from regions of eletron interations. Suh an interpretationannot be quantitatively studied in the ase of the Deember 6, 2006are beause the -ray emission from this are was only measuredbelow 17 MeV by RHESSI. This is a too low energy to estimatethe relative ontributions of pions and eletrons to the > 10 MeVgamma-ray ontinuum (f Vilmer et al., , 2003 and referenes therein).Nevertheless, it should be noted that, for similar events, the num-ber of positrons needed to explain the sub-THz emission was foundmuh larger than that derived from gamma-ray measurements (Silvaet al., 2007; Trottet et al., 2008). We should note, however, that thereis a theoretial possibility for enhaned positron prodution by proton-protoninterations by the Drell-Yan proess (Szpiegel, Dur~aes, and Ste�ens, 2007).Another suggestion was given by simulations of fully relativisti ele-tron beams propagating into high density and high magneti �eldmedium, generating Langmuir waves produing strong bakward e-missions with intensities larger at higher sub-THz frequenies as ob-served (Sakai et al., 2006). The same beam, with energies of about 2
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MeV, might also produe the 10-20 GHz mirowaves as observed. thispossibility was also simulated using proton beams (Sakai and Nagasugi,2007). However, these simulations have not taken into aount theimportane of absorption by the surrounding dense medium.These interpretations, however, annot aount well for the "double-peak"spetrum as observed in the mirowave-submillimeter range. One explana-tion an be given by assuming partile-wave instabilities in beamsof ultra-relativisti aelerated eletrons, known as "mirobunhing".The THz spetral omponent is attributed to inoherent synhrotronradiation (ISR) emitted by ultra-relativisti beams of eletrons. Thebeams are bunhed when traversing inhomogeneous magneti �eldstrutures, whih are known to be ommon to sunspots (Sturrok,1987; Antiohos, 1998; Zhang, 2005). The GHz spetral omponent arisesfrom the broadband oherent synhrotron radiation (CSR) produedby a wave-partile instability, as a result from the bunhing of thehigh energy aelerated eletron beams. The mehanism that produeintense broadband CSR was known for long time (Nodvik and Saxon,1954),but only reently reognized in laboratory aelerators (Williams,2002; Carr et al., 2002; Byrd et al., 2002). It was shown that this proesswas possible to happen in solar ares (Kaufmann and Raulin, 2006; Klopf,2008). The mehanism is highly eÆient. The total power emittedby a bunh is proportional to the total number of eletrons in thebeam emitting the observed ISR peaking in the THz range, aordingto the standard interpretation, while the CSR peaking in the GHzrange is proportional to the square of the same number times a formfator (0 � f � 1, Nodvik and Saxon, 1954). This means that only asmall fration of the aelerated eletrons satisfying this onditionare needed to aount for the observed mirowaves.The same eletron beams produing the ISR may eventually ollide into denserregions in the solar atmosphere produing X- and -rays by bremsstrahlung. Ithas been shown that the ISR spetral ontribution to the observedX- and -rays might also beome signi�ant, although not a neessaryondition (Kaufmann and Raulin, 2006). The number of eletrons required toprodue the hard X- and -rays emissions should be ompared to the numberof eletrons needed to produe the ISR spetrum in the THz range (ratherthan at mirowaves as is usually done). This approah may bring a possibleexplanation to the eletron number disrepany, also known as the "eletronnumber paradox" (Brown and Melrose, 1977; Kai, 1986).5. Conluding remarksThe sub-THz emitting region ould not be spatially resolved during the De-ember 6, 2006 event. Therefore, a thermal interpretation of the radio emission
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above 200 GHz annot be disarded if we assume a single soure whose size islarger than 30 ar-seonds. However, the rather good similarity between hardX-ray and sub-THz time pro�les and the fat that hard X-rays are emitted indisrete soures with diameters of the order of 10 ar-seonds, suggest that thesub-THz radiation was produed in several non-thermal soures. If this is thease, the emission, whih should peak in the THz region, might be attributedto inoherent synhrotron radiation (ISR) from ultra relativisti eletrons orpositrons..A non-thermal interpretation brings questions on the nature of the mirowavespetra observed together with the sub-THz emission. Possibilities disussedabove suggest that eletrons are injeted into di�erent magneti arhes of dif-ferent magneti �eld strengths and eletroni densities. in order to produe thetwo separate synhrotron spetral omponents. The Razin e�et might play arole to suppress the optially thin synhrotron emission below 400 GHz.The mirowave emission might be at least partially produed by anothermehanism reently reognized in laboratory aelerators. Indeed, intense broad-band oherent synhrotron radiation (CSR) in the mirowave range may beprodued as the result of the bunhing of high energy eletron beams. Thesebeams also produe the inoherent synhrotron radiation (ISR) in the THz range.The eletron beams produing the ISR may eventually ollide into denser regionswhere they may ontribute to the X- and -ray bremsstrahlung ontinuum. Itshould also be noted that additional ontribution to hard X-rays and gamma-rays might ome from the high frequeny part of the ISR spetrum.Progresses in these researhes require measurements in the unexplored THzrange whih are ruial for the understanding of the relative importane ofthe mehanisms disussed in this study. New experiments are urrently beingonsidered to observe solar ares from ground and spae. The most advaned isthe DESIR (DEtetion of Solar eruptive Infrared Radiation) experiment for theFrane-China satellite SMESE (Small Explorer for the study of solar eruptions,Vial et al., , 2008).Aknowledgements Comments by one referee were helpful to improve the paper presenta-tion. The authors aknowledge D.E. Gary for making available the OVSA mirowave data andthe the support given to SST operations by the Complejo Astronomio El Leonito engineersA. Marun, P. Pereyra, R. Godoy and G. Fernandez. This researh was partially supported byBrazilian agenies FAPESP, CNPq, MakPesquisa, Argentina ageny CONICET and Franeageny CNRS.ReferenesAkabane, K., Nakajima, H., Ohki, K., Moriyama, F., Miyaji, T.: 1973, Solar Phys. 33, 431.doi:10.1007/BF00152430.Altyntsev, A.T., Fleishman, G.D., Huang, G.L., Melnikov, V.F.: 2008, Astrophys. J. 677, 1367.doi:10.1086/528841.
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