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Are there two classes of solar energetic particle events?

H. V. Cane
NASA/Goddard Space Flight Center, Greenbelt, MD 20771, USA

Abstract. In the current paradigm, solar energetic particle ual phase of flares. Their relative timing is such that the type
events are considered to belong to one of two classes. Il bursts precede the type Il bursts. The drift rate and the
one class (impulsive), particle acceleration is related to flarestarting frequency of the type Il burst are consistent with a
processes, most likely resulting from magnetic reconnectioncommon origin for the type Il and type Il bursts. Thus it may
The clearest signature of this flare process is the presence &ie deduced that type Il bursts are closely linked to type llI
type Il (fast—drift) radio bursts caused by electron beams. Inbursts and to flares. Type Il bursts are assumed to be caused
the other class of particle event (gradual), flares are considby shocks because their drift rates indicate speeds of about
ered to be of no importance and the particles are presume#ilO00 km/s. Wild et al. (1963) suggested that these shocks
to be accelerated at shocks driven by coronal mass ejectioraccelerate electrons and protons to high energies. However,
(CMESs). These particle events are the ones with the highedhere was no direct evidence to support the suggestion. About
ion intensities. In a recent study it has been found #ilat 20% of major proton events have no associated type Il burst.
major proton events are preceded by a fast—drift radio bursType Il bursts are caused by electron streams with energies
indicating that flare processes occur in gradual events as welbf a few tens of keV. Wild et al. (1963) assumed that no pro-
However the radio bursts usually start relatively high in the tons were accelerated in the type lll/flare process. We now
corona. It is also found that the largest of the particle eventknow that this is incorrect and that the flare process can accel-
in the first class are associated with CMEs suggesting that therate electrons to tens of MeV and protons to GeV energies
‘two class’ paradigm needs revising. It is proposed that the(Miller et al., 1997). A direct link between flares and proton
flare process occurs in all particle events and that the charevents was challenged when it was found that some weak
acteristics of the accelerated particles are determined by thBares could be associated with major proton events. It was
height of the acceleration region in the corona. Low coronalsuggested that protons are accelerated at shocks in front of
heights will produce abundances and charge states typical aforonal mass ejections (Cliver et al., 1983) with the assump-
hot plasma whereas acceleration at high heights will resultion being that the type Il burst originated in this shock. It is
in abundances and charge states typical of the solar windnow claimed that flares are irrelevant in major proton events
Hence, one expects events with variations over a range ofReames, 1999) and yet type |l bursts, as stated above, are
values. If the event includes a CME and an associated shocé flare phenomenon, Furthermore there is reason to question
which has access to the flare particles for further accelerathe idea that shocks driven by coronal mass ejections (CMESs)
tion, a long—lasting, high intensity particle event will result. are the principle accelerators in major proton events because
CME speed does not organise particle intensities particularly
well. Kahler et al. (1999) report a spread in particle inten-
sity over 4 orders of magnitude for a speed range of only
200 km/sec. Also there have been a few relatively fast CMEs

originating on the western hemisphere of the Sun with no

The _curre_m pa.rad|gm of _tWO classes gf solar part.|cle eve,msassociated particle increase. On the other hand, the observa-
has its origins in the earliest solar radio observations Wthhtions can be understood if major flares result from CMEs and
showed that major solar flare events have two ‘phases’ (Wild, o cpE_griven shock re-accelerates particles initially ener-

et a_l., 196.3)' Fast—drift bursts, called type IIl, occur during gized by flare processes. Recent work (Cane, 2001) provides
the impulsive phase of solar flares and are followed by Slow—,i4ence that all solar particle events are preceded by flare
drift bursts, called type I, that occur during the main or grad-

processes.

1 Introduction
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2 Data Analysis

Anintercomparison has been made of proton events, (as mea- 01 °
sured by the Goddard experiment on IMP 8), CMEs (as ob-
served by LASCO) and, radio bursts (as observed by the
WAVES experiment on Wind and from the ground). (For
details see Cane, 2001.) All the proton increases having a 24-
29 MeV intensity above 10 particles/ (crd-sec-ster-MeV)
occurring when LASCO was operating were associated with
a CME, and all were preceded by a fast—drift radio burst.
The majority of the associated CMEs were large (i.e. with
a projected angular extent 140°). Some of the particle
events would be described as ‘impulsive’ in that they had 03+ * x4
high e/p and Fe/O ratios, and durations of a day or less, and i x X ° 1
yet they were preceded by a CME. The remaining particle P S 0P V% é"* o _
events would be described as ‘gradual’, and yet were pre- I o 1
ceded by fast—drift (flare—related) radio bursts. Clearly the Ll Ll Ll L
presence of a CME isotwhat determines abundance varia- -50 0 50 100
tions and flaresre important.

One of the reasons why shock acceleration is attractive is
it allows for particle acceleration promptly over a wide range

O_f hellolonglt.ut.jes. Although in the later Stages (_)f major par- large CMEs. The symbols indicate whether the associated fast—drift
ticle events it is c_Iear that shock acf:elerat'on 1S ImF).ort""r]t'bursts, and hence the associated particle beams, clearly intercepted
because connection to an approaching shock organises pafie Earth (filled circles), probably intercepted the Earth (asterisks)
ticle intensity profiles as a function of the source location or missed the Earth (open circles).

(Cane et al., 1988), it is not clear that shocks are the only

way in which magnetic access to remote regions is achieved.

For example, Richardson et al. (1991) showed how direct aceles no connection and asterisks poor connection. It is clear
cess to an eastern hemisphere region can occur when Earthat the low frequency extent of bursts organises the parti-
is inside a CME with its associated looped field lines. Re-cle intensities. For those western hemisphere CMEs with-
cent observations from Yohkoh, SOHO and TRACE haveout associated particles (some of which have speeds above
shown that huge loops connect separate active regions andD0 km/s) there was no magnetic connection to the flare re-
that multiple active regions are affected when major CMEsgion. For the eastern hemisphere CMEs with particles there
occur. Fast—drift bursts can be used to trace field lines fromis magnetic connection. Thus it is not necessary to invoke
the Sun into the interplanetary medium. The radio emissiorshock acceleration to explain prompt particles from regions
is plasma emission and the frequency emitted is inverselythat are not at mid—western longitudes. Fast—drift bursts al-
related to the ambient density. Thus, since the solar window the magnetic connection to be directly illustrated. Note
density decreases with distance from the Sun, a propagatinthat the~20 keV electrons arrive at about the time that the
electron beam causes a burst drifting to lower frequencieslocal radio emission commences. Tracing the radio emission
Radio emission cannot propagate below the local plasma freback indicates when the electrons left the Sun. This time is
quency so emission is generated at an observer’s local plasn@dten earlier than the ‘solar release time’ (e.g. Krucker et al.,
frequency only if the electron beam actually is intercepted1999) based on assumptions about electron speeds and path
by the observer. This means that the low frequency extentengths and indicates that these assumptions are incorrect.
of a fast—drift burst can be used to determine whether there It is well known that type Ill bursts are quite common and
is field line connection to the source region of a particulargenerally are not accompanied by measurable intensities of
radio burst. If a fast—drift burst extends to the local plasmaprotons, so one would expect that the fast—drift bursts asso-
frequency then electrons must have travelled directly alongciated with major proton events should have some attribute
field lines from the flare region to the observer. The low which distinguishes them from normal type Ill bursts. The
frequency extents of the fast—drift bursts associated with aldistinguishing feature is that the fast—drift bursts associated
the large CMEs that occurred in 1998-2000 were examinedvith major proton events start at relatively low frequencies
and compared with the local plasma frequencies. (Most largdi.e. high coronal heights) during the gradual phase of flares.
CMEs with speeds-600 km/s are associated with fast—drift Above 10 MHz they are usually associated with type Il bursts
bursts.) The peak proton intensities associated with sucland indeed appear to grow out of type Il bursts. They last for
CMEs had previously been determined. Figure 1 plots theabout 30 minutes at 10 MHz, in comparison to the type Il
associated proton intensities as a function of the flare helibursts in the impulsive phase, which are often also present,
olongitude. The filled circles represent events in which thewhich last about 5 minutes. They are very intense below 10
fast—drift bursts indicate good magnetic connection, open cirMHz as may be seen in Figure 2. Originally it was thought
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Fig. 1. Proton intensities as a function of flare heliolongitude for
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aoBruny 1sicha Kadio Spectrometer in the 90-10 MHz range and the Jan. 1998 event by type |
F activity in the 95-17 MHz range. None of the events were
preceded by type Il bursts at frequencies above 20 MHz. In
contrast, the June 2000 radio event, which has the highest
electron to proton ratio, consisted of type Ill bursts starting
at 180 MHz. (One observatory reported 3 minutes of type
Il activity). The events were chosen to show that there is
a continuum of particle characteristics. It is not possible to
place the lower two events in the two classes of the current
paradigm. What separates out the event with the high elec-
tron to proton ratio is the presence of a normal type Il burst.
The first large events in solar cycle 23 had enhanced abun-
dances of heavy ions and caused some confusion. But they
were preceded by type Il bursts starting at high frequencies.
For example, the May 6 1998 event was preceded by type Il
activity above 200 MHz and type Il activity starting around
150 MHz. Previously it was found that particle events with
high e/p ratios were associated with strong type Il bursts
(Cane et al., 1986). It seems probable that abundance varia-

major proton event. Note that for this event there is no type Il bursttlonS result because of the varying coronal heights at which

above 5 MHz; the faint, slow—drifting feature near 1 MHz, near the part'lcles (?an t,’e accelerateq. .
right hand edge of the middle of the plot, is probably radio emission Finally it might Pe questioned _vvhether the fast—drift ra-
from a shock driven by the associated CME. dio bursts are entirely relevant since they are produced by

streams of low energy electrons and one is more interested
in high energy ions. A comparison of the intensity profiles

. of the electrons that produce the radio emission with the pro-
that the electrons causing these gradual phase type IlI bursﬁeS of high energy protons with similar speeds (i:6100

were shock acpel_erated (Cane et al.,_1981) but it now Seeml%leV) reveals that these particles arrive at the same time and
unlikely that this is the case (see Reiner et al., 2000; Cane

2001). Furthermore it seems likely that much of the emissionhave very similar profiles (see Cane, 2001).
attributed to coronal shocks is in fact generated by electron

streams accelerated in flare processes. This then explains tlg.e Summary and Discussion

confusing reports for many events in which one observatory

reports type lIl bursts and another reports type Il, and why; has heen found that major particle events seen near Earth
for some major events no type Il is reported but just a longgreaiwaysaccompanied by fast—drift radio bursts that extend
lasting group of type Ill bursts. The difference between thesgq the |ocal plasma frequency and with CMEs. The associa-
type llls and a group of normal type llls is that the starting o of CMEs with a certain type of fast—drift burst suggests
frequencies of the type Ill and/or Il bursts progress rapidly 04t the acceleration of the causative electron beams occurs
lower and lower frequencies. One obvious way in which this, reconnecting regions associated with the departure of the
could occur is if the electron source moves to greater coronakMEe. These bursts have been found to be a necessary and
heights as a function of time. Such a source is a region offficient condition for a major proton event. The low fre-
reconnection associated with a CME. quency extents of the bursts shows whether flare particles
Consider now intensity profiles and abundance variationsreach the Earth and can be used to organise proton intensities.
The upper panel of Figure 3 illustrates particle (electron andThe closeness in morphology of the causathzd keV elec-
proton) data for two major proton events. The lower panelstron intensity-time profiles with those 0f100 MeV protons
of Figure 3 illustrate particle intensities for two small proton suggests that the two species are accelerated at the same time
events. All events were associated with CMEs and the skyby the same ‘flare’ process. This indicates an important flare
plane speeds are indicated. The upper events originated neeaontribution for major proton events. Although the ‘flare pro-
central meridian and so the CME speeds are below the trueess’ is not well understood it is clear from gamma ray ob-
speeds, because of projection, but probably to the same exervations that such a process exists and can accelerate elec-
tent. The speeds differ by more than a factor of 2 and yet therons to tens of MeV and protons to GeV energies. Based on
two events have very similar particle intensities. The CME a comparison of the starting frequencies of radio bursts and
of June 2000 had the highest speed of the four events buhe abundance characteristics of energetic particles it seems
there is only a small proton increase. The proton intensitiedikely that the height of the flare process determines the rela-
of the events in Figure 3 are not organised by the presence dive abundances of the accelerated particles. Although many
absence of a CME nor by CME speed. Consider now the raevents fall at either end of the abundance range it is clear that
dio bursts. The upper events were preceded by type Il burstthere is likely to be a continuum of events and it would be
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Fig. 2. An example of a huge fast-—drift burst associated with a
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Fig. 3. Four particle events, all associated with flares, radio bursts and CMEs. The top curves are electron intensities for the energy range 127-
225 keV from Wind. The three lower curves in each panel are proton intensities in the energy ranges 6-11, 24—-29 and 43-63 MeV from the
GSFC experiment on IMP8. The proton intensities are particle3/&mu-ster-MeV) whereas the electron intensities are 10*particled/(cm
sec-ster-keV). Flare location and peak intensity in soft Xrays are noted along with the speed of the associated CME.

better to devise a new system for describing particle acceler€liver, E. W., S. W. Kahler, and P. S. McIntosh, Solar proton flares
ation processes. Furthermore it is important that modelling with weak impulsive phases, Astrophys. J., 264, 699, 1983.
of shock acceleration should consider the flare accelerateffahler, S. W., J. T. Burkepile, and D. V. Reames, Coro-
particles that exist in the vast majority of events and in par- nal/interplanetary factors contributing to the intensities of 20

ticular those that extend above about 10 MeV, which is the Mgv Gradual solar energetic particle events, Proc. 26th Int. Cos-
mic Ray Conf., 6, 248, 1999.

maximum energy that results when only solar wind particlesy . cker S D E. Larson R. P. Lin. and B. J Thompson, On the

are accelerated by a CME—driven shock. origin of impulsive electron events observed at 1 AU, Astrophys.

AcknowledgementsW. C. Erickson is thanked for many usefulcon- ~ J-, 519, 864, 1999.

tributions. Miller, J. A. et al., Critical issues for understanding particle accel-
eration in impulsive solar flares, J. Geophys. Res., 102, 14,631,
1997.

References Reames, D. V., Particle acceleration at the sun and in the helio-

sphere, Space Sci. Rev., 90, 413, 1999.

Cane, H. V., Solar flares, fast—drift radio bursts and energetic parti-Reiner, M. J., M. Karlick, K. Jificka, H. Aurass, G. Mann, and
cles, submitted to J. Geophys. Res., 2001. M. L. Kaiser, On the solar origin of complex type lll-like radio
Cane, H. V., R. E. McGuire and T. T. von Rosenvinge, Two classes bursts observed at and below 1 MHz, Astrophys. J., 530, 1049,

of solar energetic particle events associated with impulsive and 2000.
long duration soft X ray events, Astrophys. J., 301, 448, 1986a. Richardson, |. G., H. V. Cane, and T. T. von Rosenvinge, Prompt ar-
Cane, H. V., D. V. Reames, and T. T. von Rosenvinge, The role of rival of solar energetic particles from far eastern events: The role
interplanetary shocks in the longitude distribution of solar ener-  of large-scale interplanetary magnetic field structure, J. Geophys.
getic particle events, J. Geophys. Res., 93, 9555, 1988. Res., 96, 7853, 1991.
Cane, H. V,, R.G. Stone, J. Fainberg, R. T. Stewart, J.-L. Steinbergwiild, J. P., S. F. Smerd, and A. A. Weiss, Solar bursts, Ann. Rev.
and S. Hoang, Radio evidence for shock acceleration of electrons Astron. Astrophys., 1, 291, 1963.
in the solar corona, Geophys. Res. Lett., 8, 1285, 1981.



