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2The Catholi University of Ameria, Washington, DC 20064, USAAbstrat. Complex type III bursts at low-frequenies (<14 MHz) are thought to indiatelarge solar energeti partile (SEP) events. We analyzed six omplex type III bursts fromthe same ative region, one of whih was not aompanied by a SEP event. This eventwas aompanied by a fast and wide oronal mass ejetion (CME), but laked a type IIburst and an interplanetary shok. When we examined the evolution and the magnetion�guration of the ative region, we did not �nd anything peuliar. The lowest frequenyof type III emission ourred at the loal plasma frequeny in the viinity of the Windspaeraft that observed the type III, whih on�rms that the magneti onnetivity ofthe soure region was good. We onlude that the lak of SEPs is due to the lak ofprodution rather than due to poor magneti onnetivity. We also show that neitherthe type III burst duration nor the burst intensity was able to distinguish between SEPand non-SEP events. The lak of SEP event an be readily explained under the shok-aeleration paradigm, but not under the �are-aeleration paradigm.Key words: oronal mass ejetions - Type III radio bursts - solar energeti partileevents - solar �ares 1. IntrodutionComplex type III bursts are long-duration (≥ 15 min) bursts ourring atlow frequenies originally identi�ed by Cane et al., (1981). Large solar en-ergeti partile (SEP) events are assoiated with omplex type IIIs (Kahleret al., 1986; Cane et al., 2002; MaDowall et al., 2003), but the reverse hasbeen proven to be not true by Gopalswamy and Mäkelä (2010). They in-vestigated a omplex type III burst assoiated with a fast and wide CMEon 2004 April 9, but not assoiated with a type II burst, a solar energetipartile (SEP) event, or an interplanetary (IP) shok and onluded thata omplex type III burst is not a su�ient ondition for the ourrene ofan SEP event. In this paper, we examine the magneti onnetivity andCent. Eur.Astrophys. Bull. vol (2011) 1, 1 1



TYPE III BURSTS AND SEP EVENTS

Figure 1: CMEs from AR 10588 from SOHO/LASCO. The soure region (pointed by anarrow) is identi�ed in the SOHO/EIT images superposed on the LASCO images. Thegeneral southern bias of the CMEs seems to be due to the presene of the oronal holeto the north and east of the AR (see Fig. 6).the evolution of the soure ative region to see if these fators may aountfor the lak of SEP event. We also ompare the peak and integrated �uxdensity of the type III burst in question with other type III bursts from thesame ative region to see if they a�et the ourrene of an SEP event.2. Type III Bursts, CMEs, and FlaresCMEs: Sine omplex type III bursts are known to be assoiated withenergeti CMEs (Gopalswamy et al., 2000), we searhed for CMEs that areat least 60◦ wide from AR 10588 in the online CME atalog (Gopalswamy etal., 2009a): http://daw.gsf.nasa.gov/CME_list. The atalog ontains allCMEs manually identi�ed from the images obtained by the Large Angle andSpetrometri Coronagraph (LASCO) on board the Solar and HeliospheriObservatory (SOHO) mission. Six CMEs satisfying the 60◦ width riterionwere found on �ve di�erent days: April 5, 6, 8, 9, and 11 (there were twoCMEs on April 8). We denote these CMEs as C1,. . . , C6 for easy referene(see Fig. 1). The �rst and seond eruptions on April 8 will be referred to as4/8-1 and 4/8-2. The CMEs were fast (speed ≥ 900km/s) and wide (angularwidth ≥ 60◦) exept for the �rst one, whih was wide but the speed wasonly ∼608 km/s. The two CMEs on April 8 were separated by only ∼3 h.The speeds, widths, and aelerations of CMEs in the sky plane projetion2 Cent. Eur.Astrophys. Bull. vol (2011) 1, 2
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Figure 2: The GOES soft X-ray light urves of the six �ares assoiated with the CMEsin Fig. 1. The vertial solid lines denote the times of LASCO frames showing the CMEs.There was a short data gap for the last event.are listed in Table I.Flares: All the six eruptions were aompanied by soft X-ray �aresreported in the Solar Geophysial Data (SGD). The �ares were of C and Mlass (see Fig. 2). The soft X-ray �are rise times (onset to peak) were in therange 15 to 27 minutes and the total �are duration ranged from 30 to 54minutes (see Table I). In H-alpha, the �ares were generally weak: the �rstand last were 1F �ares, while the others were sub�ares (SF). There was nooptial �are information for 4/8-2.Radio Bursts: All the six CMEs were assoiated with extended type IIIbursts observed by the Wind/WAVES experiment (Bougeret et al., 1995) intwo spetral domains: RAD1 (20 kHz�1.04 MHz) and RAD2 (1.075�13.825MHz). We measure type III burst properties at two frequenies: 13.825 (∼ 14MHz) and 1.075 MHz (∼ 1 MHz)in RAD2. Figure 3 illustrates the methodof obtaining the type III burst duration for the type III burst assoiatedwith C5 shown in the RAD2 spetral domain. In Fig. 3(b,) we show thefrequeny uts at 9 and 1 MHz giving the time pro�le of the burst intensity.The duration of the type III burst is estimated as 25 min at 9 MHz and 28min at 1 MHz. Clearly this is a long-duration type III burst at frequeniesbelow 14 MHz. For this burst, there was radio interferene at 14 MHz, soCent. Eur.Astrophys. Bull. vol (2011) 1, 3 3



TYPE III BURSTS AND SEP EVENTSTable I: Properties of CMEs, �ares, and radio bursts during the six eruptionsDateProperty 4/5 4/6 4/8-1 4/8-2 4/9 4/11CME identi�er C1 C2 C3 C4 C5 C6CME �rst appearane (UT) 06:06:05 13:31:43 10:30:19 13:31:42 20:30:05 04:30:06CME speed (km/s) 608 1368 1068 959 977 1645CME width 191◦ H H 92◦ 273◦ 314◦CME aeleration (ms−2) -9.7 +45.6 -36.5 -0.7 -3.3 -77.6Soft X-ray �are onset (UT) 05:35 13:001 09:53 13:05 20:13 03:54Soft X-ray �are size M1.7 M2.4 C7.4 C1.3 C2.8 C9.6Soft X-ray �are dur. (min) 36 361 54 30 49 41Soft X-ray �are rise time (min) 18 181 26 15 27 25H-alpha �are size 1F SF SF ? SF 1FFlare loation S18E35 S18E15 S15W11 S15W14 S17W29 S14W47Type III onset at 1 MHz 05:43 13:16 09:51 13:02 20:12 03:57Type III dur. (14, 1 MHz) (min) 8, 20 11, 16 31, 29 7, 17 253, 28 18, 31Type III peak int. (103 sfu) 49.5, 503 326, 53.8 17.8, 40 2.1, 0.5 5.63, 42 17, 448Type III integral int. (104 sfu) 15.9, 204 78.3, 26 17.3, 22.4 1.1, 0.8 6.63, 28 7.6, 89.3Type II (freq. range MHz) 95�27 8�0.3 3�0.5 6�3 None 14�0.5IP shok (m/d hh:mm) None 4/9 01:47 4/10 19:25 None None 4/12 17:35SEP (1.8�3.3 MeV) ? Yes Yes Yes2 None YesSEP (26�54 MeV) None None None None None Yes
1 The GOES pro�le shows a preeding event. The �are of interest seems to have started at about 13:10 UTas inferred from hanges in the SOHO/EIT images.
2 The CMEs from C3 and C4 are very lose, so the SEP event seems to be ommon to both.
3 Measurements made at 9 MHz beause of the interferene at higher frequenies.we measured the duration at 9 MHz. For other bursts we measured theduration at 14 MHz.The burst in Fig. 3 and the ones assoiated with C3 and C6 were of thehighest duration, reported in Gopalswamy and Mäkelä (2010).Figure 4 shows the WAVES/RAD2 dynami spetra of the three remain-ing type III bursts assoiated with C1, C2, and C4. The type III bursts inFig. 4 are not as spetaular as the others in the AR, but learly of longduration and omplex in the frequeny and time axes. The 14 MHz dura-tion is relatively small for the bursts in Fig. 4: the lowest duration is ∼7min for the burst assoiated with C4. The bursts assoiated with C1 andC2 had durations of 8 and 11 min, respetively. The 1 MHz durations arelarger, the minimum being 16 min for C2 (see Table I). Thus, all the typeIII bursts satisfy the long-duration riterion (≥ 15 min) used by others (see,e.g., Cliver and Ling, 2009).Type II Bursts and IP shoks: The CME C1 was aompanied by ametri type II burst (no ounterpart in the WAVES data). All other erup-4 Cent. Eur.Astrophys. Bull. vol (2011) 1, 4
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Figure 3: The Wind/WAVES RAD2 dynami spetrum (a) and the radio intensity withrespet to the bakground at 9 MHz (b) and 1 MHz () showing the type III burstduration (Tdur) marked by the vertial lines.tions exept C5 were aompanied by type II bursts observed in the WAVESdata. The type II bursts assoiated with C2, C3, and C6 started in the RAD2spetral range and ontinued into the RAD1 domain, suggesting that theshoks were strong and propagated far into the IP medium (Gopalswamy etal., 2005). This was on�rmed by the detetion of the assoiated IP shoksat L1(Gopalswamy et al., 2010). C1 was aompanied only by a metri typeII, whih means the CME-driven shok was apable of produing type IIemission only near the Sun. The shok did not survive to 1 AU. The typeII burst assoiated with C4 was very brief (6�3 MHz) and the assoiatedshok did not arrive at Earth. Finally, C5 was not assoiated with an IPshok, onsistent with the lak of type II burst.Radio Flux Density: We also omputed the peak and integrated �uxdensities of the six type III bursts from the WAVES/RAD2 data (1 min reso-lution) available on line (http://www-lep.gsf.nasa.gov/waves/waves.html).We follow the alibration proedure given in Dulk et al. (2001) to onvertthe WAVES data into solar �ux units (sfu). The burst �ux density Sb(f) atfrequeny f is given by,
Sb(f) = 1.0 × 1022Sg(f){Pb(f)/Pg(f)} sfu, (1)Cent. Eur.Astrophys. Bull. vol (2011) 1, 5 5
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Figure 4: WAVES/RAD2 dynami spetra (16 s time resolution) showing type III burstsassoiated with CMEs C1, C2, and C4. The burst on April 6 was assoiated with a leartype II burst (pointed by an arrow). The type II burst on April 8 was rather brief. Thisevent happened in the aftermath of a previous CME that ourred ∼3 h before (C3).where Sg(f) is the �ux density per beam of the galati bakground ra-diation for a short dipole in free spae in the range 0.1 to 30 MHz, and
Pb(f)/Pg(f) is the ratio of the burst power to the power of the galatibakground radiation. The square root of this quantity is given in the 1min data �les. We omputed the peak and integrated �ux densities at 14and 1 MHz using equation (1) with Sg(14) = 1000 sfu and Sg(1) = 398 sfuobtained from Fig. 1 of Dulk et al. (2001). The �ux densities are listed inTable I. The 14 MHz peak (integrated) �ux density ranged from 2.1 × 103sfu (1.1 × 104 sfu) for the seond April 8 event to 3.3 × 105 sfu (7.8 × 105sfu) for the April 6 event. At 1 MHz, the peak (integrated) �ux densityranged from 5.0 × 102 sfu (8.5 × 103 sfu) for the C4 event to 5.0 × 105sfu (2.0 × 106 sfu) for the C1 event. At 1 MHz, the April 5 event had thehighest �ux density. The 1 MHz �ux density alulated using RAD1 datawas slightly higher than that from the RAD2 data (RAD1 is onneted toa muh larger antenna), typially by a fator of ∼4. The 1 MHz integrated�ux density obtained from RAD1 data (3.9 × 106 sfu) is onsistent withthe value 3.02 × 106 obtained by Cliver and Ling (2009) for the April 11event. In this paper, we use only RAD2 data for omparing with the 14MHz values, whih are available only from RAD2.6 Cent. Eur.Astrophys. Bull. vol (2011) 1, 6
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Figure 5: (left) SOHO/ERNE SEP intensity over the interval of interest in several energyhannels (1�5). The solid vertial lines mark the �rst appearane times of the six CMEs(C1-C6). The dashed vertial lines mark the IP shoks S2, S3, and S6, assoiated withC2, C3, and C6, respetively. The time resolution is 5 min. (right) SEP intensity aroundC5, the eruption without a type II burst. There was a small spike (pointed by arrow)around 0 UT on April 10 (∼4 h after the appearane of C5). The spike is very shortduration (< 2h long) and did not show any dispersion.3. Solar Energeti Partile EventsFigure 5 shows the time variation of the proton �ux observed by SOHO/Energeti and Relativisti Nulei and Eletron (ERNE; Torsti et al., 1995)experiment in �ve energy hannels (1.8�3.3 MeV, 3.3�6.4 MeV, 6.4�13 MeV,13�28, and 26�54 MeV) for the period April 5�13, 2004. The �rst appearanetimes of the six CMEs and the onset times of 1-AU shoks are also markedon the plot. There are three well-de�ned SEP events, learly assoiatedwith C2, C3, and C6. The largest peak is assoiated with C6, whih is alsoa GOES SEP event with a >10 MeV intensity of 35 pfu. The seond largestpeak observed at all hannels exept the highest energy one. C5 appeared atthe time of this peak, but the peak learly preedes the onset of this CME.This peak appears simultaneously at all energy hannels, whih suggeststhat it is due to IP modulation. The third peak after the C2 onset is tiny,appearing only in the two lowest energy hannels (1.8�3.3 MeV and 3.3�6.4MeV). There is also a hint of enhanement following C1 in the lowest energyhannel, but its reality annot be veri�ed. In the highest energy hannel (26�54 MeV), there is learly only one event, assoiated with C6. C4 ourredwhen the SEP intensity from C3 is rising, so we annot say if C4 is assoiatedCent. Eur.Astrophys. Bull. vol (2011) 1, 7 7
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Figure 6: AR 10588 on 2004 April 09 shown irled in the SOHO/MDI magnetogram andin the oronal image from SOHO/EIT at 284 Å. A large oronal hole (CH) an be seento the north and east of the ative region.with an SEP event above the intensity due to C3. The SEP intensity alsoshows some hanges at the time of the shok arrival at 1 AU. To furtheron�rm the lak of an SEP event assoiated with C5, we have plotted theSEP intensity over a narrow time range around C5 onset in Fig. 5. Onean see a small spike towards the end of the day on April 9�about 4 hafter the onset of C5. This spike lasted only for <2 h. Furthermore, thespike peaks at the same time at all energy hannels (no event in the highestenergy hannel), implying IP modulation. Although we annot rule out thepossibility of a weak SEP event in the lower energy hannels masked by theevent from C3, we an de�nitely say that there is no event in the 26�54MeV hannel. The lak of an SEP event assoiated with C5 is remarkable,given that it is a fast and wide CME assoiated with a long-duration low-frequeny type III burst. The lak of SEP event is onsistent with the lakof type II emission and IP shok assoiation. C5 is lassi�ed as a radio-quietCME beause it laks type II emission (Gopalswamy et al., 2008a,b; 2010).4. Ative Region EvolutionThe ative region in question was �rst observed on 2004 April 1 at a longi-tude of E74 and rotated behind the west limb on April 14. Table II showsthe AR area (in millionths of solar hemisphere, msh), AR longitude at theend of the day, and the magneti �eld on�guration, all extrated from thedata arhive available at http://www.solar.ifa.hawaii.edu/ARMaps/. Thesix eruptions shown in Figs. 1 and 2 ourred during April 5�11. The ARarea inreased by ∼40% before C1 and dereased by a similar amount after8 Cent. Eur.Astrophys. Bull. vol (2011) 1, 8



LOW-FREQUENCY TYPE III RADIO BURSTS AND SOLAR ENERGETIC PARTICLE EVENTSTable II: Area, longitude, and magneti on�guration of AR 10588 in April 2004.Date in 20044/01 4/02 4/03 4/04 4/05 4/06 4/07 4/08 4/09 4/10 4/11 4/12 4/13 4/14Area 60 60 70 120 170 130 150 140 140 150 90 100 60 40Longitude E74 E64 E51 E40 E25 E14 E01 W13 W26 W38 W55 W68 W80 W92Con�guration α α β β βγ β βγ β β β β β α αC6. During the interval of the six eruptions, the AR area remained high inthe range 130 to 170 msh and the longitude was in the range E25 to W55.The magneti on�guration of the AR started out as α and beame β onApril 3 and remained as β or βγ until the end of April 12. The region wasnominally well onneted during the seond half of the interval in question,when the type III burst assoiated with C5 ourred.Figure 6 shows the AR on 2004 April 9, just to the west of the entralmeridian. The β on�guration of the AR is evident from the SOHO/MDImagnetogram. The neutral line is roughly in the north-south diretion. Fig-ure 6 and Table I show nothing peuliar about the soure ative region onApril 9 ompared to the other days. There was a large oronal hole (CH)to the north and east of the AR, whih has been reported to a�et the tra-jetories of CMEs (Gopalswamy et al., 2009b). The AR polarity nearest tothe CH was positive, while the CH was of negative polarity. If the oronalhole de�eted the CME to the west, it would have made the shok betteronneted. 5. Is Connetivity an Issue?If SEPs were aelerated at the same site as the eletrons produing theomplex type III bursts, then they might follow the same �eld lines asthe type III eletrons to the observer. When the eruption region is notwell onneted to the observer, the eletrons propagate along �eld linesthat do not reah Earth, so the lowest frequeny at whih the type IIIemission ours is higher than the loal plasma frequeny. In suh ases,the SEP event maybe seen as slowly inreasing or no event at all due topoor onnetivity. Is it possible that suh a situation prevailed for C5? Tohek this, we use the Thermal Noise Reeiver (TNR) data in the frequenyrange 4�256 kHz.Figure 7 shows the TNR dynami spetrum for the type III bursts as-Cent. Eur.Astrophys. Bull. vol (2011) 1, 9 9
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Figure 7: Wind/WAVES TNR dynami spetra for three type III bursts on April 5, 9,and 11. The plasma line at the Wind spaeraft is marked fp. Type III burst omes allthe way down to the loal plasma frequeny for the April 9 and 11 bursts. For the April5 burst, the type III burst is well above the plasma line.soiated with C1, C5, and C6. C1 our when the AR was on the easternhemisphere (see Table II), so it is not well onneted to the Wind spae-raft. The loal plasma frequeny (fp) was around 30 kHz, but the type IIIburst ours at frequenies higher than 40 kHz. This radiation must haveourred at a distane and propagated to Wind. For the type III assoiatedwith C5, the emission extends down to the loal plasma frequeny. Thetype III burst assoiated with C6 also extends down to the loal plasma fre-queny, but plasma frequeny slowly dereases from ∼30 kHz to 20 kHz overthe duration of the type III burst beause the density is reovering from theshok ompression (S3), whih happened at ∼19:25 UT on April 10. Thus,we an onlude that C5 and C6 were well onneted, but C1 was poorlyonneted. Similarly, the type III burst assoiated with C2 was poorly on-neted whereas the one assoiated with C3 was well onneted (not shown).The onnetivity of the type III burst assoiated with C4 ould not be de-termined beause of the burst from the preeding C3 overlapped. Type IIIemission at the loal plasma frequeny suggests that the eletron beamspropagated all the way to the Wind spaeraft. If SEPs were aeleratedalong with the eletrons, they should have arrived at Earth. We thereforeonlude that the lak of an SEP event is not due to poor onnetivity.6. Disussion and ConlusionsWe investigated a set of omplex type III bursts assoiated with wide CMEs(width ≥ 60◦) from AR 10588 in April 2004 and examined their SEP as-10 Cent. Eur.Astrophys. Bull. vol (2011) 1, 10



LOW-FREQUENCY TYPE III RADIO BURSTS AND SOLAR ENERGETIC PARTICLE EVENTSsoiations. The type III burst on April 9 onspiuously laked a type IIburst and a SEP event, although the type III was of very long duration (28min at 1 MHz). Three other CMEs from the same AR were assoiated withSEP events and all of them were aompanied by type II bursts and IPshoks. We onlude that the ourrene of a long-duration type III is nota su�ient ondition for a SEP event. This raises an important questionregarding the site of partile aeleration. Sine there is no shok signaturein the April 9 event, it is unlikely that the type III eletrons are due to shokaeleration; if the eletrons are from the �are reonnetion, then why arethe protons not aelerated?It must be pointed out that the CME speed was 977 km/s for the April 9type III. This is the lowest ompared to the other three CMEs aompaniedby SEPs: 1368 km/s (C2), 1068 km/s (C3), and 1645 km/s (C6). However,977 km/s is only 9% lower than the speed of C3, whih is assoiated witha SEP event. This di�erene is within the CME measurement errors. Thenwhy was the April 9 CME not aompanied by a type II burst? Under theshok-aeleration paradigm, one an explain the lak of type II or SEPevent as follows: the April 9 CME must have been injeted into a tenuousambient medium so that it ould not drive a shok or the shok was toofeeble to aelerate partiles. Statistial studies have shown that CMEs asfast as 1600 km/s laked type II bursts and SEP events (Gopalswamy etal., 2008a,b). Under the �are paradigm, it is di�ult to provide suh anexplanation. The April 9 type III was assoiated with a C2.8 �are, buteven smaller �ares are known to be assoiated with SEP events. Finally,the April 9 event also alls the de�nition of omplex type III burst as �SA(shok-aelerated or shok-assoiated) event� into question beause thereis no evidene for shok near the Sun or in the IP medium.The area and magneti on�guration of AR 10588 remained roughlyonstant throughout the interval over whih the six eruptions ourred.There was nothing peuliar about the onditions in the ative region priorto the eruption of the April 9 event. There was a large oronal hole loatedto the north and east of the AR, but it is not lear if the oronal holewould have seletively a�eted only one of the eruptions. We also examinedthe onnetivity of the eruption region to the Wind spaeraft using thelow-frequeny uto� of the type III bursts. We found that the April 9 typeIII burst extended down to the loal plasma frequeny at Wind suggestingthat the onnetivity was good. Therefore, the lak of SEPs is not due toCent. Eur.Astrophys. Bull. vol (2011) 1, 11 11



TYPE III BURSTS AND SEP EVENTSpoor magneti onnetivity. The only possibility we are left with is that theeruption did not result in SEPs above the detetion threshold.The 1 MHz type III burst �ux density and duration are omparablefor the April 8 (aompanied by SEPs) and April 9 (laked SEPs) events.Thus, neither the type III burst duration nor the burst intensity is able todistinguish between SEP and non-SEP events. This result is onsistent withCliver and Ling (2009), who that the omplex type III burst intensity didnot distinguish between large impulsive and gradual SEP events, but thepresene of type II bursts did. These results suggest that the aelerationof low-energy eletrons responsible for omplex type III bursts at the �aresite, does not imply the aeleration of protons.Aknowledgments: Work supported by NASA's LWS program.ReferenesBougeret, J.-L., Kaiser, M. L., Kellogg, P. J., et al.: 1995, Spae Si. Rev. 71, 231.Cane, H. V., Stone, R. G., Fainberg, J., et al.: 1981, Geophys. Res. Lett. 8, 1285.Cane, H. V., Erikson, W. C., and Prestage, N. P.: 2002, J. Geophys. Res. 107, 1315.Cliver, E. W. and Ling, A. G.: 2009, Astrophys. J. 690, 598.Gopalswamy, N., Kaiser, M. L., Thompson, B. J., et al.: 2000, Geophys. Res. Lett. 27,1427.Gopalswamy, N., Aguilar-Rodriguez, E., Yashiro, S., et al.: 2005, J. Geophys. Res. 110,A12S07.Gopalswamy, N., Yashiro, S., Xie, H., et al.: 2008a, Astrophys. J. 674, 560.Gopalswamy, N., Yashiro, S., Akiyama, S., et al.: 2008b, Ann. Geophys. 26, 3033.Gopalswamy, N., Yashiro, S., Mihalek, G., et al.: 2009a, Earth Moon Planets 104, 295.Gopalswamy, N., Mäkelä, P., Xie, H., et al.: 2009b, J. Geophys. Res. 114, A00A22.Gopalswamy, N. and Mäkelä, P.: 2010, Astrophys. J. 721, L62.Gopalswamy, N., Xie, H., Mäkelä, P., et al.: 2010, Astrophys. J. 710, 1111.Kahler, S. W., Cliver, E. W., and Cane, H. V.: 1986, Adv. Spae Res. 6, (6)319.MaDowall, R. J., Lara, A., Manoharan, P. K., et al.: 2003, Geophys. Res. Lett. 30,8018.Torsti, J., Valtonen, E., Lumme, M., et al.: 1995, Sol. Phys. 162, 505.Yashiro, S. and Gopalswamy, N.: 2009, in Universal Heliophysial Proesses, Pro. IAUSymp. 257, eds. N. Gopalswamy and D. F. Webb, Cambridge University Press,London, pp. 233-243.
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