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Abstract We study the abundances of the elements He through Pb in Fe-rich impulsive so-
lar energetic-particle (SEP) events with measurable abundances of ions with atomic number
Z > 2 observed on the Wind spacecraft, and their relationship with coronal mass ejections
(CMEs) observed by the Large Angle and Spectrometric Coronagraph (LASCO) onboard
the Solar and Heliospheric Observatory (SOHO). On an average the element abundances
in these events are similar to coronal abundances at low Z but, for heavier elements, en-
hancements rise as a power law in the mass-to-charge ratio A/Q of the ions (at coronal
temperatures of 2.5—-3 MK) to a factor of 3 at Ne, 9 at Fe, and 900 for 76 < Z < 82. En-
ergy dependences of abundances are minimal in the 2—15 MeV amu~' range. The 111 of
these Fe-rich impulsive SEP events we found, between November 1994 and August 2013
using the Wind spacecraft, have a 69 % association rate with CMEs. The CMEs are nar-
row with a median width of 75°, are characteristically from western longitudes on the Sun,
and have a median speed of ~600 kms™'. Nearly all SEP onsets occur within 1.5-5 h of
the CME onset. The faster (> 700 kms™'), wider CMEs in our sample are related to SEPs
with coronal abundances indicating hot coronal plasma with fully ionized He, C, N and O
and moderate enhancements of heavier elements, relative to He, but slower (< 700 kms™"),
narrower CMEs emerge from cooler plasma where higher SEP mass-to-charge ratios, A/ Q,
yield much greater abundance enhancements, even for C/He and O/He. Apparently, the
open magnetic-reconnection region where the impulsive SEPs are accelerated also provides

D.V. Reames ()

Institute for Physical Science and Technology, University of Maryland, College Park, MD 20742-2431,
USA

e-mail: dvreames @umd.edu

E.W. Cliver
Space Vehicles Directorate, Air Force Research Laboratory, Sunspot, NM 88349, USA
e-mail: ecliver@nso.edu

S.W. Kahler

Space Vehicles Directorate, Air Force Research Laboratory, 3550 Aberdeen Avenue, Kirtland AFB,
NM 87117, USA

e-mail: stephen.kahler@kirtland.af.mil

@ Springer


mailto:dvreames@umd.edu
mailto:ecliver@nso.edu
mailto:stephen.kahler@kirtland.af.mil

3818 D.V. Reames et al.

the energy to drive out CME plasma, accounting for a strong, probably universal, impulsive
SEP-CME association.

Keywords Coronal mass ejections - Shock waves - Solar energetic particles - Solar system
abundances

1. Introduction

The relative abundances of the chemical elements has been one of our most powerful tools
in determining the identity and the physical processes of acceleration of a variety of ener-
getic ion populations seen throughout the heliosphere (e.g. Reames, 1999). Ever since the
pioneering work of Meyer (1985) it has been known that the abundances of elements in large
“gradual” solar energetic-particle (SEP) events are closely related to the corresponding ele-
ment abundances in the solar corona. SEPs in gradual events are accelerated, in proportion to
the ambient “seed population”, by shock waves, driven out from the Sun by fast wide coronal
mass ejections (CMESs). These drab abundances in gradual SEP events contrast sharply with
the more spectacular abundances of the smaller, more numerous, “impulsive” SEP events
that have 1000-fold enhancements of 3He/“He and of heavy elements, i.e. (Z > 50)/0,
produced during acceleration by resonant processes in solar flares and jets (for a recent
review of gradual and impulsive SEP events see Reames, 2013). The distinction of grad-
ual and impulsive SEP events involves a wide variety of evidence (e.g. Reames 1990, 1995a
1995b, 1999, 2002, 2013; Kahler 1992, 1994, 2001; Gosling, 1993; Reames, Meyer, and von
Rosenvinge, 1994; Lee 1997, 2005; Mason, Mazur, and Dwyer, 1999; Tylka, 2001; Gopal-
swamy et al., 2002; Ng, Reames, and Tylka, 2003; Desai et al., 2003, 2004, 2006; Slocum
et al., 2003; Cliver, Kahler, and Reames, 2004; Tylka et al., 2005; Tylka and Lee, 2006;
Cliver and Ling, 2007, 2009; Cohen et al., 2007; Leske et al., 2007; Ng and Reames, 2008;
Sandroos and Vainio, 2009; Rouillard et al., 2011, 2012; Wang et al., 2012). The heavy-
element enhancements, and their dependence on the mass-to-charge ratio A/ Q of the SEP
ions, have been recently linked theoretically to the physics of magnetic-reconnection re-
gions from which the ions escape (Drake et al., 2009; Knizhnik, Swisdak, and Drake, 2011;
Drake and Swisdak, 2012).

Regarding the solar associations of gradual and impulsive SEP events, Kahler et al.
(1984) established a clear association of the gradual events with fast, wide CMEs. How-
ever, Kahler, Reames, and Sheeley (2001) showed that some classic impulsive SEP events
were associated with narrow CMEs and Yashiro et al. (2004a) found that at least 28 -39 %
of impulsive SEPs had CME associations. These associations have been tied to the theory
of jets (Shimojo and Shibata, 2000) where emerging magnetic flux reconnects on open field
lines allowing SEPs and plasma, the CME, to escape (Shimojo and Shibata, 2000; Kahler,
Reames, and Sheeley, 2001; Reames, 2002; Moore et al., 2010; Archontis and Hood, 2013).
What are the properties of the CMEs associated with the impulsive events and do they relate
to the unusual abundances seen in these events?

In this paper we study a large sample (111) of Fe-rich impulsive SEP events measured
by the Low Energy Matrix Telescope (LEMT; von Rosenvinge et al., 1995) on the Wind
spacecraft between 3 November 1994 and 5 August 2013. In Section 2 we discuss SEP
event selection and the association of CMEs. Section 3 summarizes correlations among
different abundances, shows that energy variations are limited, and presents the abundance
enhancements from He to Pb, averaged over all of the events, vs. A/ Q. Section 4 shows the
properties of the associated CME:s, discusses possible SEP-CME correlations, characterizes
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C-poor and He-poor SEP events, and examines the dependence of abundance enhancements
on CME speed and width. Finally, in Section 5 we discuss various aspects of the results and
summarize the conclusions.

The LEMT measures elements from He through about Pb in the energy region about
2-20 MeV amu~!, identifying and binning the major elements from He to Fe onboard at a
rate up to about 10* particles s~'. Instrument resolution and aspects of the processing have
been shown and described elsewhere (Reames et al., 1997; Reames, Ng, and Berdichevsky,
2001; Reames, 2000; Reames and Ng, 2004). Element resolution as a function of energy
has been shown recently and abundances in gradual events have been analyzed by Reames
(2014) using LEMT data.

2. Event Selection

A common description of impulsive SEP events is “Fe-rich” events. Previous studies of
3He-rich events have shown them to be enhanced in Fe/O by a factor of 810 relative to
gradual events and coronal abundances (e.g. Mason et al., 1986; Reames, Meyer, and von
Rosenvinge, 1994). Since many *He-rich events are too small to have measurable intensities
of elements with Z > 2, they would contribute little to an abundance study, so we begin our
study with a sample of Fe-rich events.

Figure 1 shows the distribution of all 8-h intervals in our 19-year period where Ne/O and
Fe/O, at the lowest LEMT energies, exceed their nominal coronal values. Time periods to
the right of the dashed line in Figure 1 were searched for candidate Fe-rich events for our
study. Ne/O was not considered in the event selection and Fe/O is not constrained above
3 MeV amu~', only at its lowest energy.

Individual SEP events were identified from intensity-time plots during these likely Fe-
rich time periods and onset times were determined using 15-min averaged data. Occasion-
ally, a new event was signaled by a sudden change in abundances (see examples in Reames
and Ng, 2004). Using well-defined onsets, the associated CMEs were sought from the Large
Angle and Spectrometric Coronagraph (LASCO; Brueckner et al., 1995) on board the Solar
and Heliospheric Observatory (SOHO), as described in Section 4.1. In Figure 2 we show
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Figure 2 Time evolution of typical Fe-rich SEP events are shown. Event onset times are flagged by the
(blue) event numbers. CME onset times are flagged by three (black) numbers: the CME speed (km s_l), the
central position angle (deg) and the CME width (deg). The timing of the SEP event sequences and of the
corresponding CMEs usually matches extremely well.

some sample events with their CME associations for two groups of three SEP events. Such
multiple sequential events are a common occurrence.

A complete list of our 111 impulsive SEP events with the SEP properties and the as-
sociated CMEs and other properties is included in the Appendix. In the next sections we
present:

i) the abundances of the events,
ii) the properties of the associated CME and
iii) SEP-CME relationships.

3. Impulsive SEP Event Abundances
3.1. Abundance Correlations

We begin by examining abundances in the nominal energy region of 3—5 MeV amu~! where
the typical relationships of the abundances are clearly shown. Figure 3 shows possible cor-
relations of enhancements in He/O, C/O, Ne/O, and Si/O with that of Fe/O. By He we
always mean *He throughout this paper, unless the isotope is otherwise explicitly specified.

The pattern of enhancements seen for Ne and Si follow behavior seen for many years (e.g.
Reames, Meyer, and von Rosenvinge, 1994). We will pursue the more complex behavior of
He and C in Section 4.3 of this paper.

Heavy elements with atomic number Z > 50 seem to have particular relevance to the
physical processes of element enhancements and have much greater leverage in abundances
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vs. Z, or vs. the mass-to-charge ratio A/ Q. The unusual nature of some enhancements is
difficult to exaggerate; for example, in one event the intensity of Z > 50 ions is comparable
to that of C!

In Figure 4 we study the enhancement in (Z > 50) ions. The lower panel shows that
enhancements are clear in high-fluence events but small events are more ambiguous. The
upper panel shows that (Z > 50) ion measurability depends more upon event size (fluence)
than upon Fe/O. The O fluence is the time integral of the O intensity over the duration (listed
in Table 2) that event is actually observed significantly above background.

It is interesting that there is so little dependence of (Z > 50)/O upon Fe /O for impulsive
events, as was also found previously (Reames and Ng, 2004). Ne/O and Si/O are more
strongly correlated with Fe/O than is (Z > 50)/0.
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3.2. Energy Dependence

It is important to know something about the energy dependence of abundances in order
to assess the generality of the observations we are making about SEP abundances. Thus
we consider the stability of the mean abundance values over the 2—15 MeV amu~! energy
range available from LEMT.

The general behavior of the energy spectra of O is shown by simply plotting all the event
O spectra using different symbols and colors in the upper panel of Figure 5. The lower panel
compares spectral indices of Fe and O. Here, the tendency of points to lie above the diagonal
suggests a weak bias for Fe/O to rise with energy. However, we note, additionally, that there
is no correlation of the Fe spectral index with Fe/O as there was in gradual events (Reames,
2014) indicating no coupling between particle acceleration and transport.

In the lower panel of Figure 5, there is a tendency for faster (and wider) CMEs to ac-
company harder SEP spectra. This is consistent with the model of solar jets (Shimojo and
Shibata, 2000; Moore et al., 2010; Archontis and Hood, 2013) because a larger energy de-
posit from reconnection could cause greater energization of SEPs and also drive out a larger,
faster CME.

A search for possible energy dependence may be made by determining the principal
abundances at several values of E, as was done for gradual events (Reames, 2014). For the
gradual events, statistical errors were negligible so the events could be weighted equally.
Here, events with abundances based upon only a few ions should not be over-weighted and
an accuracy of &~ 20 % or better is required to clearly distinguish some enhancements. In our
averaging, for weighting, we have compromised by assuming that event abundances have a
fixed error of 15 % in addition to any statistical error from the number of ions. This ensures
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that larger well-measured events are weighted equally since abundance variations among
these events do not arise solely from ion counting statistics.

Figure 6 shows the abundance determined in each energy interval for each of the domi-
nant species. There are no strong systematic variations with energy although Si and Fe may
show a slight tendency to increase with E.

3.3. Average Abundances

Since Figure 6 shows that the abundances are relatively stable with energy we can supple-
ment the abundances of major elements shown in that figure with those for species that are
only well resolved over a more-limited, higher-energy regime, e.g. Ar and Ca, and produce
the abundance comparison given in Table 1. The trans-Fe element abundances for gradual
events are taken from the observed sum of ions during gradual event periods from Reames
and Ng (2004). Trans-Fe abundances for the impulsive events are averages over those impul-
sive events for which finite abundances exist. This may cause a bias since high-abundance
events are included while low-abundance events are not, for both gradual and impulsive
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events. However, Figure 4 suggests that all existing abundances are measureable, at least in
the high-fluence region.

The value of A/Q in Table 1 follows the logic of Reames, Meyer, and von Rosenvinge
(1994) in determining Q, assuming all ions are at a coronal temperature in the range
2.5-3.0 MK. We have plotted A/Q as a function of equilibrium coronal temperature in
Figure 7.

As previously deduced by Reames, Meyer, and von Rosenvinge (1994), in the temper-
ature range of interest, the elements He, C, N, and O are fully ionized, or nearly so, the
elements Ne, Mg, and Si pass through states with only two orbital electrons and Qg &~ 15.
This region is shaded red in Figure 7. We will find additional support for this selection in
Sections 4.3 and 4.4.

A plot of the mean enhancement vs. A/Q, using the values from Table 1, is shown in
Figure 8. In the coronal temperature near 2.5 -3 MK, A/Q of Ne is actually larger than that
of Mg or Si, consistent with a greater enhancement.

Based on the values of Q upon a single equilibrium coronal temperature is clearly an
approximation. The magnetic-reconnection region driving CMEs from the Sun is not likely
to be at equilibrium. However, no other temperature models are readily available. Also,
lower ionization states of Fe at 0.06—0.11 MeV amu~! have been used to argue for lower
source temperatures (DiFabio ef al., 2008, but see also Luhn et al., 1984). However, ions
of such different energy may come from different spatial regions in the ejecta and pickup
or stripping of electrons after ion acceleration may be an important factor in producing the
complex equilibrium ionization states that vary quite strongly with energy as observed.
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Table 1 Abundances in gradual and impulsive events.

V4 Gradual SEP Impulsive SEP events Average Nominal
events®P (this work) enhancement A/Q

He 2 47000 + 3000 41400 £ 2200 0.88 2

C 6 420+ 10 386 +8 0.92 2

N 7 128+ 8 139+4 1.09 2.1

0] 8 1000 £ 10 1000 £ 10 1.00 2.2

Ne 10 157+ 10 478 £24 3.04 2.5

Mg 12 178 £ 4 404 £30 2.3 2.4

Si 14 151+4 325+12 2.15 2.4

S 16 2542 84 +4 3.4 2.6

Ar 18 43104 34+2 7.9 3.0

Ca 20 11+1 85+4 7.7 33

Fe 26 131+6 1170 £ 48 8.9 3.7
34-40 0.04 £0.01 2.0+0.2 50 6-17
50-56 6.6+1.0) x 1073 2.0+0.2 300 8-9
76-82 (7£3) x10~* 0.64+0.12 900 12-14

4Reames (2014) for Z < 30.
bReames and Ng (2004) for Z > 30.

In any case, the power-law fit shown in Figure 8 represents the data rather well. The
enhancement increases as the 3.6 power of A/Q for this fit. This form of dependence is
consistent with the magnetic-reconnection theory of Drake et al. (2009), Knizhnik, Swisdak,
and Drake (2011), and Drake and Swisdak (2012).

4. CME Associations
4.1. Associated CME Properties

We searched the CDAW LASCO CME catalog (Yashiro et al., 2004b; Gopalswamy et al.,
2009; http://cdaw.gsfc.nasa.gov/CME_list/) for CME associations with the 111 Fe/O-rich
SEP events. Our procedure for finding associated CMEs was similar to that of Nitta et al.
(2006) in that we first searched the Wind/Waves low-frequency (20 kHz—13.8 MHz) ra-
dio data (Bougeret et al., 1995; http://www-lep.gsfc.nasa.gov/waves/) for candidate type III
bursts for times from 1 h to 8§ h before SEP event onset. We found reasonable candidate
type IIIs for 95 of the 111 impulsive SEP events. In identifying these type IIls, we gave
preference to those associated with Wind/3DP 1 to 300 keV solar electron events for the
years 1995-2005 (Wang et al., 2012). Of the 81 type III candidates we identified from
1995 -2005, 59 (73 %) had an associated electron event. The type IlIs led the electron event
onsets by a median value of 5 min (with a range from 31 min before electron onset to 5 min
after). In making the CME associations we referred to those made by Wang et al. (2012)
for electron events and Wang, Pick, and Mason (2006) and Nitta et al. (2006) for subsets
of the impulsive SEP events. We did not attempt to identify contributing sources to the SEP
events, only the best candidate event prior to SEP onset. The listed flare locations were
taken from Nitta et al. (2006; SXR/EIT), Wang et al. (2012; Ho), Solar-Geophysical Data
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Figure 7 A/Q is shown as a function of equilibrium temperature for several elements (left panel) and
enlarged for low Z (right panel). Elements below Fe are from Arnaud and Rothenflug (1985), Fe from Arnaud
and Raymond (1992) and sample elements in the high-Z region from Post et al. (1977). The region used for
the likely temperature for Fe-rich impulsive SEP events is shaded red.

Figure 8 The mean
enhancement in the abundances 3
of elements in impulsive SEP
events relative to gradual SEP
events and the solar corona is
shown as a function of A/Q of
the element. A least-squares fit
line is included in the figure
where the enhancement increases
as the 3.64 +0.15 power

of A/Q. Both impulsive and
reference abundances are shown
in Table 1.

Mean Enhancement

2 4 6 8 10 20

(Ho), the weekly Preliminary Reports from the Space Weather Prediction Center (Ho), and
the PHTX plots in the LASCO CME catalog (Ho/EUV). DH type II associations for the
SEP events were obtained from the list on the Waves website. CME associations were made
independently by two of us (EC and SK) and several problem associations resolved.

We found 66 CME associations for the 96 events (69 %) with accompanying LASCO
data coverage; their speeds, central position angles, and widths are given in the Appendix.
Of these 66 CMEs, 65 had speed determinations. The 69 % CME association we find is
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Figure 9 The lower panel shows 1
the distribution of the delay
between the onset of the CME
and the onset of the SEP event at
3-5MeVamu L. The
distribution is consistent with a
transport time of at least 1.5-2 h
for these ions traveling a distance
of 1.2 AU. The median delay of
SEP onset from CME launch is
2.7 h. This is slightly longer than
the 2.3 h delay measured from
type III onset (due to the linear
extrapolation of the height-time
curve used to determine CME
onset). The second panel shows
the distribution of CME speeds.
The median speed is 597 km s—1
vs. 408 kms~! for all CMEs and
1336 kms~! for gradual SEP
events (Yashiro et al., 2004a).
The third panel shows the
distribution of CME angular
width, excluding seven halo
CMEs. These CMEs are
characterized as “narrow”
because their median width is
75° compared to the > 130°
widths of CMEs associated with
gradual SEP events. At least
some of the CMEs with broad
widths in this histogram may
represent more energetic
“blowout” type jets (Moore et al., 0 500 1000 1500
2010; Archontis and Hood, Veme (km/s)

2013). The upper panel shows the
longitude distribution of the
associated flares. The four flares
nearest central meridian are
associated with halo CMEs.
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higher than the 28 —39 % rate reported by Yashiro et al. (2004a) for a sample of 36 impul-
sive events. However, our requirement for measurable O and Fe intensities selected larger
events than those in the Yashiro et al. (2004a) study which included small *He-rich events
without Z > 2 ions. Yashiro et al. noted that their CME association rate could be as high
as 53-64 % if they included six new faint CMEs and “obscure brightness changes” ob-
served for three other events. In a study of impulsive SEP events from 1995-2002, Nitta
et al. (2006) reported a CME association rate of 61 % (46/75). The distributions of various
properties of the 68 associated CMEs in our sample are shown in Figure 9.

Nearly all (61/66) of the events show central position angles of the CMEs between 180°
and 360°, indicating that the sources are in the western hemisphere of the Sun. 82 % (54/66)
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of the CMEs were accompanied by SXR/EUV brightenings and/or Ho flares. Most of these
flares are well connected, as shown in the upper panel of Figure 9.

4.2. CME-SEP Correlations

An obvious possible relationship between impulsive SEP events and associated CME:s is the
relationship of SEP intensity or fluence vs. CME speed that is shown for gradual SEP events
by Kahler (2001). This relationship is weaker for impulsive SEP events (other differences
between gradual and impulsive events have been reviewed by Reames (2013)). Note that the
CME speeds measured by LASCO are speeds that are projected onto the plane of the sky.

The upper panel of Figure 10 shows the O fluence, a measure of event size, vs. CME
speed. The unweighted correlation coefficient for these data is only 0.41, a moderately poor
correlation. The correlation is not improved significantly by either considering or removing
wide CMEs or those with decametric/hectometric (DH) type II radio bursts often accompa-
nying gradual events.

The lower panel in Figure 10 stresses the narrowness of CMEs in most impulsive events.
If we exclude halo events or those with DH type II bursts, all but one of the remaining events
has a width <100°. However, lower-fluence events tend to be much narrower than high-
fluence events. In fact, most events with width < 50° have quite low O fluences. Fluences
appear to depend almost as strongly upon CME width as upon CME speed.

For these narrow CMEs, the efficiency of the connection of the observer may be as im-
portant in determining the SEP event fluence (i.e. intensity or duration) as is the intensity
within the magnetic flux tube connected to the CME source.

4.3. He-poor and C-poor Events

There was early evidence of “C-poor” periods, with low C/O, accompanying Fe-rich events
(Mason, Gloeckler, and Hovestadt, 1979) but subsequent studies found such events to be
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relatively rare (e.g. Mason et al., 1986, Reames, Meyer, and von Rosenvinge, 1994). Figure 3
shows some events with low C/O and, in addition, low He/O spreading below the bulk of
the distributions. Note that these events are also quite Fe-rich.

In the lower two panels of Figure 11 we show C/O and He/O vs. CME speed. C-poor
and He-poor events occur for slow (< 700 kms~!) CMEs or for events with no visible CME,
possibly also indicating a slow, weak CME that is difficult to see. The upper panel shows a
peak near coronal abundances for all events with fast CMEs and many events with slow or
no CMEs. Events that are C-poor, He-poor, or both, are all associated with slow or unseen
CME:s.

To understand these observations, we assume that all events involve fully ionized He with
(A/Q)ue = 2; enhancements of other partially ionized species can increase as a function of
A/Q of the species for A/Q > 2. In hot plasma, when C and O are fully ionized, they
also have A/Q =2 and must be unenhanced relative to He (see Figure 7). In this case, the
abundances of He, C, and O (and also N) will all have the same coronal abundances as also
seen in gradual SEP events. In less energetic events with slow CMEs and cooler plasma,
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Figure 12 Intensity-time plots are shown for sample events showing clear abundance differences (see text).
Event onsets are flagged with (blue) event numbers and CME onsets with (black) CME parameters as de-
scribed in Figure 2.

O (and possibly C) can be partially ionized with A/Q > 2 so that O is enhanced relative
to He, appearing as a He-poor event. Events with O enhanced, but C and He unenhanced
will be both He-poor and C-poor. Events with both C and O enhanced may only be He-
poor. Only one event in Figure 11 appears to be C-poor, by one standard deviation, but not
He-poor; if statistically valid this one event would not be explained by this model.

The abundance variations we have described are often quite evident in the intensity-time
profiles of the events. We show these for a sample of events in Figure 12.

Event 25 in August 1999 in Figure 12 is strongly *He-rich (*He/*He = 3.7 & 0.3).
It is He-poor (*He/O = 8.0 £ 1.6) and C-poor (C/O = 10 & 6 %) and the intensity of
50 < Z <56 ions is comparable with that of C. Event 84 is extremely He-poor (He/O =
3.8+ 0.4) and C-poor (18 =5 %). Event 96 is He-poor (3.6 £ 0.1) but subsequent events are
not. Event 103 is a unique event in our list in being C-rich (C/O = 1.16 &= 0.18) and some-
what He-poor (He/O = 19 & 2). This could occur in the unlikely event that A/Q was larger
for C than for O or if the background plasma already had C/O &1 initially — involving cool
plasma (and low CME speed) in any case.

4.4. Abundance Variations and CMEs

In Section 3.3, we discussed the dependence of the average abundance enhancements upon
A/ Q and the dependence of A/Q upon coronal temperature, but how can we understand the
broad and correlated behavior of the event-to-event abundance variations shown in Figure 3,
for example? The strong correlated behavior cannot result from statistical fluctuations. We
take our cue from the apparent temperature dependence in the He-poor events (Section 4.3)
since A/Q is always 2 for He for these events. Figure 13 shows the enhancements of typical
elements, normalized to He, and plotted as a function of Z, for events with the indicated
CME width or speed. To limit the number of events and improve visibility, we have only
plotted those that have a non-zero value of (Z > 50)/0.

It is clear in Figure 13 that for each element with Z > 2, the small blue or green circles
indicating CME speeds < 700 kms~! (lower panel) or widths < 100° (upper panel), tend to
fall above the large red or violet circles where speeds are > 700 kms™! or widths > 100°.
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Of course, statistical variations are not absent, for example the enhancements of C and O
cannot really be below that of He, since A/Q must be >2. However, it is clear that events
with faster, wider CMEs lie along the bottom of the distribution where the enhancements
of C and O are smaller, as would be expected for smaller A/Q seen at T >3-4 MK (see
Figure 7) where O is nearly fully ionized. Events with narrow, slow CMEs show rising en-
hancements at O, relative to He and C (typical of rising A/Q near and below 2.5 MK) and
eventually blend into the cool He-poor events. It is only when we normalize the enhance-
ments to He, magnifying the element ionization differences, that the dependence on CME
speed begins to emerge.

Events with the narrowest, slowest CMEs tend to have the greatest SEP abundance en-
hancements while those with wider, faster CMEs have more modest enhancements. Thus it
is possible to understand all of the observed abundance variations in impulsive SEP events
in terms of coronal energy deposit from magnetic reconnection that:

i) raises temperatures increasing ionization and lowering A/Q in the SEP acceleration
region, and
ii) drives CME speed and size.
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Element enhancements are controlled by their power-law dependence upon A/ Q as seen
in Figure 8. However, we cannot be certain that the power law in individual events is identi-
cal to that shown for the average of all events in Figure 8.

If we correlate the logarithms of the element abundances C/He, O/He, Ne/He, Si/He,
Fe/He, and (Z > 50) /He vs. CME width, we find the correlation coefficients (unweighted):
—0.30, —0.33, —0.28, —0.37, —0.21, and —0.19, respectively. Note, however, that the CME
speed and width are correlated with a coefficient of 0.34 for our events.

Since we also found some correlation of the O fluence with CME speed and width, it
seems reasonable to see how CME width falls on a plot of Fe/He (an abundance poorly
correlated above), vs. fluence, as shown in Figure 14.

Clearly the wide CMEs and halo CMEs strongly tend to cluster in the lower right corner
of Figure 14, while the narrow CMEs cluster toward the left and dominate the large Fe/He
enhancements. The effects of both abundance and SEP intensity (fluence) can be seen. The
effect of CME width on Fe/He abundance is clear despite the presence of two or three wider
CMEs that reduce the correlation of Fe/He vs. width. Other abundances show very similar
behavior.

5. Discussion and Conclusions

In Section 4.4 we have understood the fact that there is a large region of correlated variation
of Ne, Mg, Si, and Fe (see Figure 3) over a factor of ~4 -5, slightly larger for heavier
species. The events in Ne/O vs. Fe/O (Figure 3) are not in a Gaussian distribution; there is
a spread that we have understood by temperature variations in the magnetically reconnecting
SEP source plasma. The fact that the enhancement of Ne/O exceeds that of Si/O for most
events suggests an equilibrium temperature in the range of 1.5—-3.0 MK where A/Q for Ne
exceeds that of Mg and Si (see Figure 7) while the high ionization of C, N, and O suggests
a temperature near the top of this range. In fact, in the region of 2.5-3 MK, A/Q for Ne,
Mg, and Si vary inversely with Z (Figure 7) and so do the corresponding enhancements (see
Table 1). Thus the abundances suggest that the temperature changes and the event-to-event
variations depend strongly upon A/Q, as well as possible variations in the strength of the
acceleration (e.g. Drake et al., 2009).
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If we compare SEP properties with soft X-ray intensities, for the associated flares, on
the GOES logarithmic scale (where B, C, M, and X represent intensities above 1077, 1079,
107>, and 10~* W m™2, respectively), we find generally poorer correlations than we found
with CME:s. O fluence vs. X-ray intensity has a correlation coefficient of 0.3, but Fe/O and
even Fe/He, with coefficients 0.09 and —0.09, respectively, are uncorrelated with intensity.
The He-poor events are somewhat of an exception since they are all associated with only
B- and C-class flares, while the other SEP-associated flares span the B-, C-, M-, and even
X-class flares (mostly C- and M-classes). It is also true that the 17 events with Fe/He en-
hancements > 30 are associated with only B- and C-class flares (compare Figure 14). More
generally, it would not be surprising that SEPs and flares are poorly correlated if SEPs are
accelerated at reconnection sites on open field lines while flares involve reconnection on
neighboring closed loops.

It is possible to derive an X-ray temperature by fitting two soft X-ray channels to a
thermal distribution; such temperatures have been compared for SEP proton events (Garcia,
1994). However, these X-ray temperatures lie in the range 10—30 MK, even for M-class
events. Ne is fully ionized in this temperature range, so that the observed enhancements
in Ne/O would be difficult to explain. The SEPs and X-rays probably arise from spatially
different regions.

For those events where the CME can drive a shock wave, we cannot rule out additional
acceleration of the SEPs by the CME-driven shock wave. Shock acceleration could reduce
the abundance enhancements by incorporating ambient plasma with coronal abundances,
but the pre-accelerated energetic ions from the reconnection region would be preferentially
accelerated by these weak shocks. In fact, quasi-perpendicular shock waves might preferen-
tially enhance any ions from impulsive events that are present in the seed population (see
e.g. Tylka and Lee, 2006). Only 11 (10 %) of the events have DH type II emission indi-
cating a shock wave strong enough to persist above &3 solar radii (Cliver, Kahler, and
Reames, 2004). However, shocks may need a quasi-perpendicular region to accelerate the
electrons that produce type I emission (e.g. Ganse et al., 2012) so the total number of shocks
may be somewhat higher. Nevertheless, the existence of shock acceleration in several events
does not alter our conclusions about the origin of the SEP abundance enhancement in open
magnetic-reconnection source regions, its dependence on A/Q, and the related production
of CMEs.

A 3He-rich event with unusual abundances including large enhancement of N was found
by Mason, Mazur, and Dwyer (2002). The authors interpreted this event as having a coronal
temperature of < 1.5 MK. Such events are very small, they are seen primarily at energies
below 1 MeV amu~', and that event was not seen by LEMT. Such small impulsive SEP
events with cooler plasma have an unusual pattern of values of A/Q; larger, more energetic
impulsive SEP events, which we study here, usually have a more consistent pattern of A/ Q
like that shown in Table 1 (see also the discussion of temperature in Wiedenbeck et al.
(2010)).

In *He-rich impulsive events Temerin and Roth (1992; see also Roth and Temerin, 1997),
found that streaming electrons produced electromagnetic ion cyclotron waves that could
resonantly accelerate *He ions mirroring in the magnetic field, in analogy with acceleration
of “ion conics” seen in the Earth’s aurora. Heavier elements could be enhanced by second-
harmonic interaction with these waves but this does not lead to a power-law enhancement
with A/Q. In fact, it is clear that while impulsive events have enhancements in both *He and
heavy ions, these enhancements are completely uncorrelated (e.g. Reames, Meyer, and von
Rosenvinge, 1994), suggesting different mechanisms for acceleration of *He and heavy ions.
The A/Q dependence for heavy ions does seem consistent with the magnetic-reconnection
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theory of Drake et al. (2009; also Knizhnik, Swisdak, and Drake, 2011; Drake and Swisdak,
2012).

It is not surprising that an energetic-reconnection event that results in the free escape
of high energy ions into space, an impulsive SEP event, might also eject bulk plasma into
space, a CME. This is, in fact, an expected consequence of the combined CME/SEP model
of solar jets (Shimojo and Shibata, 2000; Kahler, Reames, and Sheeley, 2001; Reames, 2002;
Moore et al., 2010; Archontis and Hood, 2013) where the magnetic-reconnection involves
emerging flux reconnecting with open field lines (see also Nitta et al., 2006; Wang, Pick, and
Mason, 2006). Impulsive SEP events and CMEs appear to be fundamentally linked, even
when the latter are too weak to see. The high degree of association we find between these
phenomena (69 %) leads us to speculate that all (impulsive) Fe-rich events have associated
CMEs. However, not all CMEs may come from reconnections that are energetic enough
to produce a detectable SEP event. In addition, many CMEs undoubtedly lack associated
observed SEP events because they are not magnetically connected to the SEP observer.

By way of contrast, we point out that gradual events are associated with fast, wide CMEs
that drive strong shock waves that accelerate SEP ions of the ambient plasma of the corona
and solar wind. Thus both event types are CME-associated but the CMEs and the physics are
different. For impulsive SEPs, mass is ejected on open field lines as a jet, while for gradual
events the CMEs result from erupting, magnetically closed structures. For gradual events
the acceleration occurs at the shock, while for impulsive events the acceleration occurs at
the open magnetic-reconnection region driving the ejecta.

In summary, Fe-rich impulsive SEP events are strongly (69 %) associated with CMEs.
The CME:s are relatively narrow (median width of 75°) and all but a few originate on the
western side of the Sun.

These impulsive SEP events show a well-defined pattern of enhanced abundances of
elements relative to coronal abundances that increases as a power law in A/Q from an
average factor of 3 at Ne to a factor of 900 at Pb. The elements He, C, N, and O in the SEPs
are usually nearly fully ionized in the hot, 2.5-3 MK, coronal plasma associated with the
faster CMEs and maintain their coronal abundances. However, SEP events associated with
slower CMEs arise from cooler plasma where elements from C to Pb have much greater
enhancements and where partially ionized O is enhanced to produce SEPs called He-poor
or C-poor events.
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Appendix

Table 2 lists properties of 111 Fe-rich impulsive SEP events. Columns in the table are
the event number, the SEP onset time, the SEP event duration (Dur.), the abundance
ratios of Fe/O, Ne/O, and He/O at 3—4 MeVamu~!, the ratio (50 < Z < 56)/0 at
3-10 MeV amu~', the associated CME speed, V, the central position angle (CPA) and
width (W) of the CME, the delay between the CME onset and the SEP onset, the UT onset
time of the DH type III burst (* indicates previous day), the presence of a DH type II radio
burst, and the location of associated flare or other source. NA in the CME speed indicates
that no LASCO coronagraph data were available, dash indicates that data were available but
no CME was listed.
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