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Abstract.
We analyzeda setof 52 fastandwide, frontsidewesternhemispheric(FWFW) CMEsin conjunctionwith solarenergetic

particle (SEP)and radio burst dataand found that 42 of theseCMEs were associatedwith SEPs.All but two of the 42
SEP-associatedFWFW CMEs(95%) wereinteractingwith precedingCMEs or densestreamers.Most of the remaining10
SEP-poorFWFW CMEshadeitherinsignificantor no interactionwith precedingCMEsor streamers,andwereejectedinto
a tenuouscorona.Thereis alsoa closeassociationbetweentype II radio burstsin the near-Suninterplanetarymediumand
SEP-associatedFWFW CMEssuggestingthatelectronacceleratorsarealsogoodprotonaccelerators.

INTRODUCTION

Copiousproductionof nonthermalelectronsandions is
animportantaspectof solareruptiveeventssuchasflares
and coronalmassejections(CMEs). Nonthermalelec-
tronsareinferredfrom theradiosignaturesthey produce
ordetectedby in situobservations.Ontheotherhand,en-
ergeticionsneedto beobservedonly in situ.Spectacular
radiosignaturesindicatingtheproductionof nonthermal
electronsat several solar radii from the Sunhave been
recentlyidentifiedand found to be the resultof collid-
ing CMEs [1, 2]. A naturalquestionwould be whether
suchCME interactionsaffect theproductionof nonther-
mal ions, commonlyreferredto as solar energetic par-
ticles (SEPs).A preliminarystatisticalstudyby Gopal-
swamyet al. [3, hereinafterPaper1] suggeststhata vast
majority of thelargeSEPeventsareassociatedwith fast
CMEsthatinteractedwith oneor moreprecedingCMEs
within about20 solarradii. Within thecurrentparadigm
that CME-driven shocks[see,e.g.,4, 5] acceleratethe
SEPsfrom theupstreamsolarwind material,onewould
expect that the shockspassthroughthe materialof the
precedingCMEs.CMEs containplasmastructureswith
temperaturesrangingfrom a few thousandK to several
million K, so thenatureof theacceleratedparticleswill
dependon the physicalpropertiesof the sourcemate-
rial thatenterstheshock.Therearegoodindicationsthat
the compositionof the SEPssignificantly differs from
that of the solar wind [see,e.g. 6]. Therefore,the sta-

tistical associationbetweenCME interactionand large
SEPeventsmay be importantin understandingthe real
situation in the accelerationsitesof SEPs.One aspect
of the statisticalanalysisin Paper1 was to performan
inversestudy of all the fast and wide, frontsidewest-
ern hemispheric(FWFW) CMEs to checktheir level of
interactionwith otherCMEs and their associationwith
SEPs.The inversestudy confirmedthe importanceof
CME interactionfor SEPproduction.However, we did
not examinethe SEP-poorFWFW CMEs andthe SEP-
associatedFWFW CMEs with no interactionsin detail.
In this paper, we report on our further analysisof the
FWFW CMEs.

DATA

The FWFW CMEs observed by the Solar and Helio-
spheric Observatory (SOHO) mission’s Large Angle
andSpectrometricCoronagraph(LASCO)wereselected
from the SOHO/LASCOCME catalogmaintainedon
line (http://cdaw.gsfc.nasa.gov/) by requir-
ing that: 1. the CME speed(V) is � 900 km/s, 2. the
width (W) > 60� , 3. the CME spanincludesposition
angle270� , and 4. the solar sourceof the CME hasa
longitudebetweenW0 andW90.During theperiodJan-
uary 1996 to December2001,we identified 52 CMEs,
whosebasicpropertiesare listed in Table1 (Date,UT,
speed(km/s),W, andsolarsourcein columns1-5). We



TABLE 1. Characteristicsof theFWFW events
CME TypeII SEP

Date Time Speed Width Location Int I Time

96/07/12 15:37 1085 68 S10W80 N nN N ———
96/11/28 16:50 984 101 N05W90 F1 nN e 21:00
97/11/06 12:10 1556 H S18W63 F1 yY M 12:30
98/04/20 10:07 1863 165 S43W90 F1 yY M 11:30
98/05/02 14:06 938 H S15W15 NH yY M 14:00
98/05/06 08:29 1099 190 S11W65 F1* yY M 08:30
98/05/09 03:35 2331 178 N26W90 F1* yY M 05:00
98/06/16 18:27 1484 281 S17W90 F1* yY m 21:30
98/11/05 20:44 1118 H N22W18 F1 nY m 03:00n

99/06/04 07:26 2230 150 N17W69 F1? yY M 08:30
99/06/24 13:31 975 H N29W13 F1 nN e 04:30n

99/06/28 21:30 1083 H N22W44 P1* yN N ———
99/07/25 13:31 1389 H N38W81 F1? yN N ———
99/08/28 01:26 1147 98 S26W16 P1 nN N ———
99/09/21 03:30 1402 125 N19W90 P1* yN N ———
99/09/23 15:54 1150 77 S14W47 P1? nN N ———
00/02/09 19:54 910 H S17W40 F1* nN N ———
00/02/12 04:31 1107 H N26W23 F1* yY m 06:00
00/04/04 16:32 1188 H N16W66 F2 yY M 17:00
00/04/23 12:54 1187 H N12W90 N nN m 15:00
00/04/27 14:30 1110 138 N32W90 F1* nY e 17:00
00/05/04 11:26 1404 170 S17W90 F2 yY e 16:30
00/05/15 16:26 1212 165 S24W67 F1* nY m 19:00
00/06/10 17:08 1108 H N22W38 F2* yY M 17:30
00/06/15 20:06 1081 116 N20W65 NS yY e 01:00n

00/06/25 07:54 1617 165 N16W55 P1 yY m 11:30
00/06/28 19:31 1198 134 N20W90 F1? yN e 20:00
00/07/14 10:54 1674 H N22W07 F1* yY M 10:30
00/07/22 11:54 1230 105 N14W56 F1* yY M 11:30
00/08/11 07:31 1071 70 N27W90 P1 nY M 12:00
00/09/12 11:54 1550 H S17W09 F1* yY M 13:00
00/10/16 07:27 1336 H N05W90 F2* yY M 08:00
00/11/08 23:06 1345 H N10W77 F1* nY M 23:30
00/11/24 05:30 994 H N20W05 F2* yY m 06:00
00/11/24 15:30 1245 H N22W07 F2* yY M 15:30
01/01/28 15:54 916 250 S04W59 NS nY M 16:30
01/02/10 05:54 956 H N30W07 N nN N ———
01/02/11 01:31 1183 H N24W57 F2 yY m 02:30
01/03/29 10:26 942 H N20W19 F1 yY M 12:00
01/04/02 11:26 992 80 N17W60 F1 yY m 12:00
01/04/02 22:06 2505 244 S19W72 F1* yY M 23:00
01/04/09 15:54 1192 H S21W04 N yY m 16:00
01/04/10 05:30 2411 H S23W09 F1 yY M 07:30
01/04/12 10:31 1184 H S19W43 NS yY M 11:30
01/04/15 14:06 1199 167 S20W85 F3 yY M 14:00
01/04/26 12:30 1006 H N17W31 F1? yY M 14:00
01/05/07 12:06 1223 205 N25W35 F2 nY M 13:30
01/06/20 19:54 1407 H N08W17 N nN N ———
01/07/19 10:30 1668 166 S08W62 N nN N ———
01/10/01 05:30 1405 H S20W90 F4 nY M 13:30
01/10/19 16:50 901 H N15W29 P1* yY M 17:30
01/11/04 16:35 1810 H N06W18 NS yY M 16:30

examinedthe GOESproton data for possibleassocia-
tion of the FWFW CMEs with SEPevents.If an SEP
event wasassociated,we have given the intensity level
(I) in the > 10 MeV energy rangeand the onsettimes
in columns8 and 9, respectively (A superscriptn de-
notesthetimecorrespondsto thenext day).On thebasis
of the observed peakintensity (I), eachevent is classi-
fied as a major (M, with I > 10 pfu), minor (m, with
1 pfu < I < 10 pfu) or marginal (e, with I < 1 pfu)
event.Themarginaleventsarethose,whichclearlystand
above the noise level, but had an intensity < 1 pfu.
We also examinedthe associationof the CMEs with
metric type II bursts from the online Solar Geophysi-
cal Data (SGD) and interplanetarytype II bursts from
the Wind/WAVES catalog(http://lep694.gsfc.
nasa.gov/waves/waves.html). Thesedata will
tell us whetherthe CMEs wereresponsiblefor electron
acceleration.Thepresence(y,Y) or absence(n,N)of type
II radioburstsareindicatedin column7,with small(cap-
ital) lettersreferringto metric(DH) typeII bursts.Using
moviesof SOHO/LASCOimagesandtheCME catalog,
we identifiedpotentialinstancesof interactionbetween

TABLE 2. FWFW CMEs, Interactions,and
SEPAssociation

With SEPs withoutSEPs

No interaction 7 (2) 4
Interaction 35 (40) 6

the FWFW CMEs andotherprecedingCMEs.This in-
formationis givenin column6. If theextentof position
angle(PA) overlapbetweenFWFW CMEsandthepre-
cedingonesis > 30� , the interactionis characterizedas
full (F),andpartial(P)otherwise.Thenumberof preced-
ing CMEsis alsoindicatedasa subscriptto F andP. An
* in column7 meanstherewereadditionalinteractions,
anda ? meanstheinteractionwasbeyond30 solarradii,
but within 50 solar radii. NL andNS denotethat there
wasno intersectionof trajectories,but therewas inter-
actionwith the leg of a precedingCME (NL) or with a
densestreamer(NS). Oneevent (1998may 02, marked
NH in column6) with no apparentinteractionwaspre-
cededby halo CMEs and hencemight have interacted
with themalongtheline of sight.

ANALYSIS AND RESULTS

Thefirst thing we noticein Table1 is that42/52(81 %)
of the FWFW CMEs were associatedwith SEPevents
identifiedfrom GOESdata.For theremaining10 events
(19%), we did not find an SEPevent above the noise
level in the GOESproton plots. Table 2 gives the ex-
tentof CME interactionandtheSEPassociationfor the
42 events. For simplicity, we have combinedthe full
andpartialinteractionstogetherassimply“interactions”.
Similarly, wedid notdistinguishanSEPeventwhetherit
is a major, minor, or marginal event.This is roughly the
levelof associationfoundin thestudyof SEPsin Paper1.
It is clearthat the lower left cell in Table2 is thedomi-
nantone,suggestingthat83%of all FWFW CMEsthat
hadSEPswereprecededby CME interaction,similar to
thelevel of interactionfoundstartingfrom SEPeventsin
Paper1.

TABLE 3. SEP-associatedCMEswithout interaction

Date V (km/s) W (deg) Location Type

98/05/02 938 360 S15W15 Major, NH
00/04/23 1187 360 N12W90 minor
00/06/15 1081 116 N20W65 marginal,NS
01/01/28 916 250 S04W59 Major, NS
01/04/09 1192 360 S21W04 minor
01/04/12 1184 360 S19W43 Major, NS
01/11/04 1810 360 N06W18 Major, NS



TABLE 4. SEP-poorCMEswith Interaction

Date V (km/s) W (deg) Location Type

99/06/28 1083 360(28) N22W44 N/P TB
99/07/25 1389 360(97) N38W81 N/F TB
99/08/28 1147 98(12) S26W16 N/P TB
99/09/21 1402 125(14) N19W90 N/P TB
99/09/23 1150 77(9) S14W47 N/P TB
00/02/09 910 360(37) S17W40 N/F TB

SEP-associated CMEs without Interaction

We now look at the 17% of the FWFW CMEs that
were associatedwith SEPs,but were apparentlynot
precededby CME interaction (see Table 3). Four of
the seven FWFW CMEs without interactionhadmajor
SEPs.This is somewhat embarrassingbecausewe have
claimedthat CME interactionis an importantaspectof
SEPproduction.However, LASCO moviesshowedthat
theprimaryCMEsin theseeventsinteractedwith dense
streamers,completelydestroying them.Most streamers
representthe pre-eruptionmanifestationsof CMEs and
have the samethree-partstructuresasthe CMEs.Thus,
theinteractionwith thestreamersshouldbesimilarto the
interactionwith other CMEs. Out of the seven FWFW
CMEs in Table 3, four interactedwith streamers(de-
notedby NS in the last columnof Table3). In the case
of 1998May 2 event,theFWFW CME in questionwas
precededby two haloCMEsfrom thesameactiveregion
(notedas“NH” in Table3). The height-timeplots that
describetheinteractioncorrespondto thesky planemea-
surements,which generallyunderestimateCME speeds
of halo CMEs. Thereforeone cannotrule out interac-
tion with precedingCMEs.Thusonly two of the seven
FWFW CMEs canbe regardedto have no interactions
with any confidence.Thus,allowing for interactionwith
densestreamers,weseethat40/42(95%)FWFWCMEs
with SEPsinteractedwith oneor moreprecedingCMEs,
againconsistentwith Paper1. In the remaining2 cases
(5%) without interaction,theSEPeventswereminor.

SEP-Poor CMEs with Interaction

If CME interactionis importantfor SEPproduction,
why werethe six FWFW CMEs in Table2 (also listed
in Table4) thatwereprecededby CME interactionwere
not associatedwith any SEPs?In the lastcolumnof Ta-
ble 4, N/P (N/F) meansno SEP but there was partial
(full) interaction.To answerthis question,we examined
thepropertiesof theprecedingCMEs.Themoststriking
aspectof the precedingCMEs is that all but one were
very narrow (seethe numberwithin parenthesesin the
W columnof Table4), thereby reducingthe extent of
overlapto thewidth of theprecedingCMEs(seeFig 1).

(a) 1999/06/28 23:18 (b) 1999/07/25 15:18 (c) 1999/08/28 02:42

(d) 1999/09/21 05:18 (e) 1999/09/23 18:18 (f) 2000/02/09 22:18

FIGURE 1. OneSOHO/LASCO/C3runningdifferenceim-
agefor eachof the SEP-poorCMEs in Table4. The width of
theprecedingCME is indicatedby thetwo solid lines.

In Paper1, the averageextent of overlapbetweenpre-
cedingandprimaryCMEswasfoundto be � 50� . Thus,
theinteractionis not expectedto beseverein all but one
case.The small overlap betweenthe primary and pre-
cedingCMEsalsoreducesthechanceof the interaction
region having a magneticconnectionto theEarth.In the
one case(1999 July 25), the extent of overlap is quite
extensive, but therewas anotherproblem:even though
thetrajectoriesshowedintersection,theprecedingCME
haddepartedtheSunsome17 hoursearlierandfadedto
the backgroundlevel even beforethe arrival of the pri-
maryCME. Thusin all thecasestheseverity of interac-
tions is ratherlow andfor practicalpurposes,theevents
in Table4 mustbeconsideredasFWFW CMEswith no
interaction.

SEP-poor CMEs with No Interaction

Finally, we examine the four FWFW CMEs with-
out SEPsand without interaction(seeTable 5). In the
last column of Table 5, NN denotesno interactionat
all andNE meansinteractionabove easternhemisphere,
which is not relevant to SEPs.This is the crucial sam-
ple thatsupportsour suggestionthatCME interactionis
an importantaspectof SEPproduction.Unfortunately,
the sample size is rather small. We need to collect
moreeventsof this kind to arrive at firmer conclusions.
Nevertheless,it is instructive to examine the circum-
stancesof theseeruptionsto gainsomeinsightasto why
theseFWFW CMEs wereSEP-poor. Figure 2 shows a
LASCO/C3 snapshotof eachof the four CMEs. The
width of the first eventwasonly slightly above average
thusbarelysatisfyingthe width requirementto be clas-
sified asFWFW events.Two eventsarehalosbut there



TABLE 5. SEP-poorCMEswith No interaction

Date V (km/s) W (deg) Location Type

96/07/12 1085 68 S10W80 NN
01/02/10 956 360 N30W07 NE TB
01/06/20 1407 360 N08W17 NE TB
01/07/19 1668 166 S08W62 NN TB

is no way of knowing their true widths. The first event
wascloseto thesolarminimumandhencewasconfined
to theextentof theequatorialstreamerbelt. In theother
threeevents,theCMEswereejectedinto atenuousback-
ground(notedasTB in thelastcolumnof Table5) com-
paredto the oppositehemisphere.This is also the case
with all the eventsin Table4. The lower densitymeans
higherAlfv enspeedin the mediumandweaker shocks.
Thesituationis oppositeto thatof runninginto a dense
structuresuchasa CME or a streamer.

Electron and Proton Accelerations

Metric andIP typeII burstsareindicative of nonther-
mal electronsacceleratedby MHD shocks.The same
shocksmay also accelerateprotonsand heavier ions.
From Table 1, we found that 38/52 (73%) of FWFW
CMEs had DH type II bursts while 35/52 (67%) had
metric typeII bursts.For the42 SEP-associatedFWFW
CMEs,theassociationwasbetter:90%and79%for DH
andmetric type II bursts,respectively. As was pointed
out in Paper 1, SEP-poorFWFW CMEs were also
electron-poor(no DH typeII). However, threeof the10
SEP-poorFWFWCMEswereassociatedwith themetric
typeII bursts.ThreemarginalandoneminorSEPevents
were not associatedwith DH type II bursts (the 2000
June25 eventhada weakDH type II, but waslisted as
a no DH event in Paper1), althoughthe minor andone
marginalSEPeventshadmetrictypeII burstassociation.
ThedifferencebetweenmetricandDH typeII burstshas
beenattributedto differentradial profilesof the Alfv en
speedin the correspondingregionsof the solar corona
[7].

DISCUSSION AND CONCLUSIONS

Theanalysispresentedin this paperconfirmstheimpor-
tanceof CME interactionin the productionof SEPs.A
detailedanalysisof the SEP-poorFWFW CMEs with
interactionrevealsthat the interactionsareinsignificant.
Similarly, FWFW CMEswith SEPsbut no apparentin-
teractionwith precedingCMEs hadsignificantinterac-
tion with large-scalestreamers.The extreme casesof
FWFW CMEs with no interactionand no SEPswere

(a) 1996/07/12 20:56 (b) 2001/02/10 08:42

(c) 2001/06/20 21:22 (d) 2001/07/19 12:18

FIGURE 2. OneSOHO/LASCO/C3runningdifferenceim-
agefor eachof theSEP-poorCMEsin Table5.

ejectedinto very tenuousregionsof the coronawith no
apparentstructuresto interactwith. Thecloseassociation
betweenDH type II burstsandfastandwide CMEs re-
portedelsewhere[8] is consistentwith theresultsof this
paperthatelectronacceleratorsarealsoprotonaccelera-
tors.As wehadpointedout before,theefficiency of par-
ticle accelerationis boostedwhena fastshockrunsinto
precedingCMEs.This might resultin shockstrengthen-
ing dueto the enhanceddensityin the precedingCMEs
as comparedto the solar wind (provided the magnetic
field is notenhancedsignificantly).Particlesmayalsobe
trappedin the closedfield lines of the precedingCMEs
or the associatedturbulenceso they are subjectto re-
peatedaccelerationby the shockfor the time the shock
takesto transitthroughtheprecedingCME. Thepreced-
ing CMEs may alsodrive weakshocksthatmay preac-
celeratesuprathermalions even if they aretoo weakto
accelerate> 1 MeV ions.Whathappensafter theshock
passageis an interestingproblem:the main bodyof the
fast CME comesin contactwith the slower CME and
might form a merged resultantCME. We refer to this
merger asCME cannibalismandneedsfurther investi-
gation.
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