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ABSTRACT

It is often assumed that the first arriving electrons of a near-relativistic (£ > 30 keV') electron event are injected at
the Sun impulsively and simultaneously at all observed energies and propagate scatter-free to 1 AU. In that case, a
plot of the onset times T; versus c/v for various electron speeds v should yield the solar injection time Ti,; and the
propagation distance D. In some electron events D ~ 1.2 AU, but the inferred injection times are characteristically
delayed by ~10 minutes after the start of metric/decametric type III radio bursts believed to be signatures of electron
injection. The delays may indicate electron injections not directly associated with the type III bursts, but the delays
could also result from gradual or energy-dependent injections or from significant coronal/interplanetary electron
scattering, even for well-beamed events. These effects could invalidate the c/v plot analyses. We use Wind 3D Plasma
and Energetic Particle (3DP) electron data to make ¢/v onset plots for 80 near-relativistic solar electron events to test
for the consistency of the inferred values of D, which are found to be broadly distributed between 0.15 and 2.7 AU. In
most cases D < 1 AU, an unphysical result partially due to instrumental effects in the high-energy 3DP detector, but
also clearly inconsistent with the assumptions of impulsive and energy-independent injection onsets and scatter-free
propagation of the electrons. We also discuss how previous results from ¢/v plot analyses have yielded contradictory
and/or challenging injection results for the near-relativistic electrons as well as for gradual and impulsive solar

AFRL-VS-HA-TR-2007-1 049

v
QA
o
O
D )
LD
&)
N
-
o
QV]

energetic ion events.

Subject headings: interplanetary medium — scattering — Sun: particle emission — Sun: radio radiation

1. INTRODUCTION
1.1. Near-relativistic Electron Injection Times

It has long been understood that bursts of 2 keV < £ < 100 keV
electrons accelerated near the Sun and observed at 1 AU are
nearly always accompanied by solar type III radio bursts (Lin
1985). The velocity dispersion of the electron fluxes produces an
instability that results in Langmuir waves that are converted into
electromagnetic waves at the local electron plasma frequency
and its second harmonic (Melrose 1985). Observations at 1 AU
of 326 electron events with £ > 2 keV during a 15 month period
in 1978-1979 by the International Sun-Earth Explorer 3 (ISEE-3)
satellite seemed to confirm earlier results from the Interplanetary
Monitoring Platform 6 (IMP-6) satellite (Lin et al. 1973) that the
type III radio bursts are produced by the 2 to 210 keV electrons
(Lin 1985). Time-intensity observations of higher energy (£ >
300 keV) solar electron events from the Helios spacecraft showed
that those electron injections were also simultaneous with the
onsets of the flare hard X-ray and microwave impulsive phases
(Kallenrode & Wibberenz 1991; Kunow et al. 1991). In a defin-
itive analysis of 27 electron events with E > 300 keV restricted
to solar minimum conditions and Helios within 0.5 AU of
the Sun, Kallenrode & Svestka (1994) found good agreement
between onsets of solar type III bursts and inferred electron
injections.

The onset times of beamlike (Haggerty & Roelof 2002) or
impulsive (Krucker et al. 1999) electron events at 1 AU show
velocity dispersion. The better time and energy resolution of the
3D Plasma and Energetic Particle (3DP) experiment (Lin et al.
1995) on the Wind spacecraft allowed a determination of solar
onset times for £ = 30 keV electrons more precise than the ear-
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lier ISEE-3 observations. Plots of those onset times versus c/v,
hereafter called /v plots, where v is the electron speed, led to the
unexpected result that many electron injections at the Sun oc-
curred up to half an hour later than the onsets of the preceding
type III bursts. Krucker et al. (1999) found that 12 low-energy
(E < 25 keV) electron events were still well associated with
type III bursts, but in the majority of the cases (41 out of 58) the
injection times of the E > 25 keV electrons were delayed beyond
the timing onset uncertainties of each electron event and asso-
ciated coronal and/or interplanetary type III burst. In at least two
cases both type Ill-related E < 25 keV electrons and delayed
E > 25 keV electrons were found.

The existence of delayed solar electron events was then con-
firmed by Haggerty & Roelof (2001, 2002) using observations of
79 beamlike 38 keV < E < 315 keVelectron events with the Elec-
tron, Proton, and Alpha Monitor (EPAM) on the Advanced Com-
position Explorer (ACE) spacecraft. They inferred their injection
times by shifting the onset time of the highest observed EPAM
energy channel by 1.2 AU divided by the electron speed for that
channel. The electron injections of the 45 EPAM electron events
with associated metric type Il bursts were characterized by a me-
dian electron injection delay of 9.5 minutes. A similar result was
found for the electron injection delays relative to the starts of other
kinds offlare electromagnetic emission. Haggerty & Roelof (2002)
argued that the correlation coefficients of » ~ 0.5 between the 38
and 62 keV peak electron intensities and several flare radio and
X-ray parameters provided evidence of only a loose relationship
between the intensities of electron events and of the accompa-
nying flares. The EPAM study was recently extended by Haggerty
et al. (2003) through 2002 March to include 113 electron events;
they found a median delay of 13 minutes between the metric
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Fic. 1.—Left: c/v plot of 3DP electron onsets 7o for an event on 1997 April 7 (adapted from Krucker et al. 1999). The slope of the line is D/c, and the inferred T,
is given by the intercept of the line with the time axis. The points at ¢/v < 3 are from the 3DP SST, points at ¢/v > 3 are from the EESA. Right: cfv plot of the
energetic proton Ty for the SEP event of 1984 February 16, from which Lockwood et al. (1990) deduced that the first ~70 MeV protons (1/8 = 2.7) were injected
~5 minutes before the relativistic protons (neutron monitor). The indicated slope of 10 minutes corresponds to the expected D = 1.2 AU. (Adapted from Fig. 11 of

Lockwood et al. 1990.)

type III bursts and the electron injection times. The 3DP anal-
ysis was extended by Klein et al. (2005) through 2001 May for
events with release times during the observations with the Nancay
Radioheliograph; they confirmed the frequent occurrence of de-
layed injections. Several explanations for a physical origin of the
delayed injections have been reviewed by Kahler et al. (2005).

The inferred electron injection delays are challenging for sev-
eral reasons. First, a preceding decametric type ITI burst was found
back at the Sun for nearly every beamlike (Haggerty & Roelof
2002) or impulsive (Krucker et al. 1999) near-relativistic electron
event and served as the fiducial to measure the electron injection
delay. However, that type I1I burst is presumed to have no direct
physical connection to the subsequent electron injection, except
for the few cases with no clear injection delays. A second question
is why the delayed electron injections do not produce their own
type Il bursts (Krucker 2003). The bumps on-tail in the electron
energy spectra required for type Il emission are presumed to de-
velop (Mann et al. 1999), even with broad power laws in energy
extending down to <1 keV (Lin etal. 1996). In addition, at 1 AU
both impulsive electrons and in situ type III bursts are observed
simultaneously (Ergun et al. 1998).

Cane (2003) has compared the characteristics of 79 EPAM
near-relativistic events with the associated interplanetary type 111
bursts. She found (1) a correlation between the electron injection
delay times and the times required for the associated type III
radio bursts to drift to the lowest frequencies, (2) a close corre-
spondence between the electron and local radio emission inten-
sities, and (3) a correlation between the electron injection delay
times and the ambient solar wind densities. She concluded that
there can be only a single electron population that produces the
type HI burst and that the electron delay occurs in the interplan-
etary medium and not at the Sun. Her results await confirmation
by other investigators.

Cane’s (2003) conclusion challenges the validity of the c/v plots.
Krucker et al. (1999) used ¢/v plots for their analysis but showed
plots for only 3 of their 12 electron events extending down to
1 keV in energy. In a comparison with the injection times derived
by Krucker from 3DP ¢/v plots, Haggerty & Roelof (2002) found

that their technique of using only a single high-energy EPAM c¢/v
point produced differences with a standard deviation of only
2.5 minutes, which they considered to be in satisfactory agree-
ment with and a validation of their simpler technique. Clearly,
the validity of the c¢/v plots is crucial in deciding between the Cane
(2003) interpretation of interplanetary delays and the consensus
(e.g., Krucker et al. 1999; Haggerty & Roelof 2002; Klein et al.
2005; Maia & Pick 2004) view of coronal injection delays.

Here, we first discuss in § 1.2 the assumptions and concept of
the c/vplots and then in § 2 review how they have been applied to
various solar energetic particle (SEP) data sets as the dominant
tool for our current understanding of the timing of SEP accelera-
tion and injection. Qur goal is to show that use of the ¢/v plots has
produced inconsistent and contradictory results regarding injec-
tions of ions and electrons in gradual (§ 2.1) and impulsive (§ 2.2)
SEP events (Reames 1999). In § 3 we examine statistically the de-
rived travel distances D of selected 3DP near-relativistic electron
events as a test of the validity of the ¢/v plots. We discuss the re-
sults in § 4.

1.2. c/v Plots

The basic concept of the ¢/v plot for charged particles is based
on several assumptions. First, the onset of the solar particle injec-
tion profile is both impulsive and energy independent. Second,
the first particles observed at 1 AU are assumed to propagate scat-
ter free, with pitch-angle cosines x ~ 1, along a common travel
path of distance D from the coronal injection site to the observer.
Under these assumptions,

T0=Tinj+D/v. (1)

A plot of Tj against c/v for the first arriving particles yields a
slope D/c and an intercept on the time axis at Ti, the solar
injection time (Fig. 1). The path D is taken to be an interplane-
tary spiral field, dependent on solar wind speed but generally
expected to be close to 1.2 AU. In practice, particle beams ob-
served to be highly collimated along the magnetic field are
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assumed to satisfy the scatter-free requirement (e.g., Haggerty &
Roelof 2002).

The general application of the ¢/v plots has been to determine
the injection times for SEPs of different types or energies relative
to each other and relative to solar flare radiative signatures. The
derived path length D, which should be in the range 1-2 AU, is
taken as a check on the method. However, model validations of
the method have been minimal. Kallenrode & Wibberenz (1990)
used a numerical focused-transport model of SEPs to study the
effects of scattering on SEP event onset times. As perhaps ex-
pected, significant onset delays were encountered for particles with
sufficiently small scattering mean free paths A, smooth (i.e., not
impulsive) injection profiles, and large radial distances (>0.5 AU)
from the Sun.

In a more comprehensive modeling analysis, Lintunen &
Vainio (2004) have used a focused transport model including
convection and adiabatic deceleration to test the ¢/v plot meth-
odology for 3 < ¢/v < 60. For mean free paths 1 ~ P'3, where
Pis particle rigidity, the lower rigidity (higher ¢/v) particles have
later arrival times, and the plots yield larger D and delays of Ty
from the model values by ~5 minutes. Lintunen & Vainio (2004)
note that increasing A for the low-P particles and decreasing A for
all particles near the Sun can lead to appropriate inferred values
of D, but significant (tens of minutes) delays in Tiy;. Finite in-
jection durations of several hours, mimicking shocks, yielded
slightly increased values of D and delays of Tiy; by 5-20 minutes.
Itis important to note that ~5—80 minute delays of 7i,; were found
in all their models (their Table 2 for 0.13—57 MeV protons) except
for cases of an onset occurring on the declining profile of a pre-
vious event. Similar numerical transport modeling was carried
out by Saiz et al. (2005) for 1 < ¢/v < 15 and different assump-
tions about injection profiles, interplanetary scattering, and detec-
tion thresholds. Their model ¢/v plots nearly always aligned close
to straight lines but also produced errors in injection times, al-
though smaller than those of the lower particle energies modeled
by Lintunen & Vainio (2004).

2. APPLICATIONS OF c¢/v PLOTS TO SEPs
2.1. Gradual SEP Events

The c/v plots were used extensively by H. Debrunner and col-
leagues to investigate solar injections for a series of high-energy
SEP events. Based on strong observed anisotropies and large val-
ues of A inferred from an approximation for pitch-angle scattering
by Bieber et al. (1986), Debrunner et al. (1988) examined the in-
jection times for protons 0f 20 MeV < E < 1.3 GeV in the 1984
February 16 ground level event (GLE). Their ¢/v plot did not yield
a straight line but rather suggested that the S0 MeV < E <
500 MeV protons were injected ~4 minutes earlier than the GeV
protons. A similar ~5 minute delay of GeV proton injection was
found by Lockwood et al. (1990; see Fig. 1) and Debrunner et al.
(1990) in analyses of two other GLE events, and Debrunner et al.
(1997) found evidence of an ~2 minute delay of a second GLE
component in the 1990 May 24 SEP event.

The ¢/v plots were used by Dalla et al. (2003) to compare Tiy;
for nine SEP events with £ < 130 MeV observed both at Ulysses
and at 1 AU. They found the inferred SEP injections of events
at Ulysses to be delayed by 100—350 minutes from those found
at1 AU for the same SEP events. Although the delays were or-
ganized by the latitudinal displacements of Ulysses magnetic
footpoints from the associated flare sites, the delays appeared to
be too long to be explained by the times for coronal mass ejection
(CME) shocks to propagate to higher latitudes. Further, there were
no cases of Ulysses SEP injections preceding the 1 AU injections.
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EPAM and 3DP near-relativistic electron events have been
compared via ¢/v plots with accompanying gradual SEP events
to determine their relative inferred injection times. Krucker &
Lin (2000) examined 26 such events from the 3DP instrument on
Wind. They found two classes of 30 keV < E < 6 MeV proton
events. Protons of class 1 traveled about 1.2 AU but were in-
jected 0.5-2 hr after the electron injections; protons of class 2
traveled ~2 AU but were injected simultaneously with the elec-
trons. Since early pitch-angle distributions of the protons and
electrons in both classes of events were well collimated with the
magnetic fields, there was no obvious difference between the two
classes of SEP events during their rise phases. For the class 2
protons Krucker & Lin (2000) suggested an energy-dependent
injection, thereby implicitly rejecting the validity of the ¢/v plots
for those events.

Mewaldt et al. 2003) compared onsets of 6-88 MeV nucleon ™!
ions with those of the EPAM 38-315 keV near-relativistic elec-
trons. For the six SEP events with low He?/He* values, pre-
sumed to be gradual SEP events, ion injection delays of several
tens of minutes relative to the electron injections were found.
Their result was consistent with the £ > 4 MeV proton injection
delays of ~10—40 minutes found for various gradual SEP events
observed in the inner heliosphere on Helios (Neustock et al.
1985; Bieber et al. 1980; Wibberenz et al. 1989; Kunow et al.
1991). Those ion delays are also characteristic of the class 1 but
not the class 2 SEP events at lower energies (Krucker & Lin
2000) discussed above.

Tylka et al. (2003) found from c¢/v plots of three GLEs that
the injection times of all ions from ~2 MeV nucleon~! through
~2 GeV nucleon™! matched those of the near-relativistic elec-
trons and that the injections were delayed by >5 minutes from the
flare impulsive phases. Their result disagrees with the Mewaldt
et al. (2003) and earlier Helios results regarding the injection
delays between the electrons and the ions, and it contradicts the
Debrunner et al. (1990) and Lockwood et al. (1990) results of
an injection delay in the GeV protons relative to that of the £ <
500 MeV protons. The Tylka et al. (2003) result may also be in-
consistent with recent work by Huttunen-Heikinmaa et al. (2005),
who compared inferred injections of 14—51 MeV nucleon™! pro-
tons and helium nuclei for 25 gradual SEP events. They found
simultaneous injections for 8 events, but in the remaining 17 events
the helium injections were delayed from the proton injections by a
median time of 30 minutes.

To summarize, the earlier Helios observations at solar dis-
tances of 0.3—1.0 AU gave us a simple picture of gradual SEP
ion-injection onsets delayed by ~10-40 minutes from those of
the near-relativistic electrons. The electron injections coincided
with the onsets of the type IlI radio bursts and the flare impulsive
X-ray phases. However, the various ¢/v plots of ions from more
recent SEP gradual events, all at greater solar distances, have
shown the various inconsistencies detailed above. In some cases
the ion injection onsets coincide with those of the electrons; in
others they are delayed. In both situations the generally inferred
electron injection delays from the type III bursts contradict the
Helios results. We suggest that the problem lies in the ¢/v plots.

2.2. Impulsive SEP Events

Impulsive SEP events are characterized by impulsive solar in-
jections, enhanced heavy-element abundances, and high He?/He*
ratios (Reames 1999). Early work with particle observations from
the ISEE-3 spacecraft enabled Reames et al. (1985) and Reames &
Lin (1985) to associate the impulsive SEP events with both inter-
planetary energetic (~20 keV') electron events and type III radio
bursts. Proton injections offour impulsive £ > 4 MeV SEP events
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observed on Helios at 0.3 AU were found to be simultancous
within 1-2 minutes with injections of £ > 300 keV electrons and
with the onsets of the flare electromagnetic radiation (Kallenrode
& Wibberenz 1991). Mason et al. (1989) found good model trans-
port fits to three “scatter-free” impulsive ~1 MeV nucleon™! SEP
events, assuming injections at type III burst onsets. Their fits
showed that the ion injections had nearly step-function rises
and full widths of <1 hr. Kilometric type I1I burst observations
were used by Reames & Stone (1986) to determine the inter-
planetary trajectories and solar source regions of the strongest
He3-rich events. Their study was done without benefit of ener-
getic electron observations, but each He3-rich event was found
to be associated with a kilometric type III burst. More recently,
small CMEs have been found with some impulsive SEP events
such as 2000 May 1 (Kahler et al. 2001), but coronal ejecta can
be accommodated in a model of impulsive electron and ion in-
jection marked by simultaneous and cospatial type III bursts
(Reames 2002). Introducing an average pitch angle into their
c/v plots, Klein & Posner (2005) found that the injections of six
small 8-25 MeV proton events, including that of 2000 May 1,
coincided with decametric-to-hectometric type IlI bursts. Thus,
the established paradigm for impulsive SEP events has been that
metric and kilometric type I1I bursts are the signatures of simul-
taneous and impulsive injection of both energetic electrons and
ions.

Ion and near-relativistic electron observations from the ACE
spacecraft can serve to test this basic paradigm. Mewaldt et al.
(2003) used the ¢/v plots to determine 688 MeV nucleon™! heavy
ion injection times and compare them with 38—315 keV electron
injection times. For the 5 He’-rich SEP events of their sample,
the ion and electron injections appeared to be nearly simultaneous.
Their result was confirmed for two of their five events (2000
May 1 and 2001 April 14) for a larger range of SEP energies by
Tylka et al. (2003), who also found those injections to be delayed
from the decametric type III bursts.

Ho et al. (2003) used c¢/v plots to compare the injection times
of nine impulsive He’-rich low-energy (180 keV nucleon™! <
E < 10 MeV nucleon™') ion events with those of the associated
near-relativistic electron events. For five of the nine events, they
found ion injections delayed from the electron injections by 70—
180 minutes, contrary to the simultaneous injections found at
higher energies by Kallenrode & Wibberenz (1991) and Mewaldt
et al. (2003). A statistical edge technique applied to the ion c/v
plots and a 2 ¢ point prior to intensity maximum to define ion
onset times may have biased the Ho et al. (2003) results toward the
later ion injections, but in three of the four events with no sig-
nificant ion injection delays, the electron injection times preceded
the closest type III burst times by 0.5 hr. Most of their events
were therefore inconsistent with the paradigm that both the im-
pulsive ions and electrons are injected during the type I bursts.
Thus, except for the Ho et al. (2003) results, the ¢/v plots have
yielded simultaneous electron and ion injections in impulsive SEP
events. However, results of the plots clearly differ from the par-
adigm that impulsive ion and electron injections are simultancous
with the type III bursts.

3. DATA ANALYSIS
3.1. Selection of the Near-relativistic Flectron Events

We selected near-relativistic electron events based on two
event lists. The first list consists of beamed events observed in
the EPAM instrument, given in Table 2 of Haggerty & Roelof
(2002) and extended through the end of 2002 (D. Haggerty 2003,
private communication). The event selection criteria and a brief
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description of the instrument are given in Haggerty & Roelof
(2002). Each of the two EPAM instruments measures electrons in
the ~40 to ~315 keV range in four channels. From their list we
selected for analysis only those events observed in the third (103—
175 keV) or fourth (175-315 keV') energy channels.

The second event list is the impulsive electron events observed
with the 3DP solid-state telescope (SST) previously given at the
instrument Web site. The SST measures electrons in the ~25 to
~500 keV energy range in seven channels. The event selection
criteria and a brief description of the 3DP instrument and data
reduction are given in Ergun et al. (1998) and in Krucker et al.
(1999). At the time of data selection that list consisted of two
periods, 1994 November 15 to 2001 June 22 and 2002 February 1
to 2002 October 21. From the qualitative assessments of the
event data we selected only the SST “mediocre™ and “good”
events for the analysis. Only the lowest five energy channels (~30
to ~230 keV) of the SST were used in the analysis.

For a separate study we also required that 40—800 MHz radio-
spectrographic observations from the Tremsdorf station of the
Astrophysical Institute of Potsdam be available from about 1 hr
before the inferred electron injection time through the injection
time. The Tremsdorf observations are normally made from about
07:00 to 15:00 UT. We selected 80 3DP electron events, of
which 34 are also EPAM beamed events. For 24 of the 80 3DP
events, the electron enhancements could be adequately observed
in the 2 to 27 keV range of the 3DP electron electrostatic ana-
lyzer (EESA) to extend the onset analysis to that lower range.

3.2. Event Onset Times Ty

For all electron events we determined the onset times for each
3DP energy channel showing a distinct flux increase. Because
they must be determined in the presence of a background count-
ing rate, electron onset times are always subject to uncertainty.
Krucker et al. (1999) determined a standard deviation o of the
background counting rate, subtracted the background rate from
the total counting rate, and then let the time of the 4 ¢ point de-
fine the latest possible onset time. The first preceding time step
with a positive flux was taken as the onset time. Those times were
consistent with onset times determined by eye. Examples of 3DP
counting rate profiles were given by Krucker et al. (1999) and by
Ergun et al. (1998).

For each of their EPAM electron events, Haggerty & Roelof
(2002) determined by eye onset times in the highest EPAM chan-
nel showing a clear flux increase. They then assumed that D =
1.2 AU to derive their solar injection times, which matched very
closely (o = 2.5 minutes) the injection times from the 3DP in-
strument using the techniques of Krucker et al. (1999) from the
3DP instrument. In their analysis of EPAM electron events, Maia
& Pick (2004) used the 4 o criterion and the average slope of the
counting rate at that point to determine the electron onsets. Their
method agreed (o < 2 minutes) with the values determined by eye
by Haggerty & Roelof (2002).

We use the event onset titnes Ty to derive D from the c/v
plots to test the validity of those plots, so those onset times are
obviously important for the analysis. The 3DP backgrounds are
generally not steady and often show nondispersive variations on
various timescales that can compromise attempts to calculate a
preevent background. We determined the 3DP SSTand EESA T
times by eye, which, compared with the statistical onset deter-
minations, has the advantage of using the background and rise-
phase profile information on both short (~minutes) and long
(~tens of minutes) timescales. Since 34 of our 80 events were
also observed in EPAM, we compared our 7 times with those of
the same EPAM events for similar energy channels. The median
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Fic. 2.—Two examples of good fits to the c/v plots. Top: Event of 2002
April 11 with D =0.75 + 0.03 AU. Bottom: Event of 2002 September 24
with D = 0.86 + 0.04 AU.

difference in onsets is 1 minute (3DP times are earlier) and only 7
of the 34 common events have onset time differences exceeding
3 minutes. This indicates good agreement between our 3DP T
times and those of Haggerty & Roelof (2002) for EPAM.

3.3. c/v Plots for Near-relativistic Electron Events

We have done three sets of ¢/v plots for the 3DP near-relativistic
electron events, (1) the 80 SST plots, (2) 23 separate EESA plots,
and (3) 24 combined SST and EESA plots. For all events we as-
sumed Ty uncertainties of 3, 7, and 11 minutes for the five SST
energy channels (30-230 keV), the EESA top channels (9—
27 keV), and the EESA intermediate channels (2—6 ke V'), respec-
tively. In Figure 2 we show two example events with relatively
good fits and in Figure 3, two with poor fits. The least-squares best
fits of the slopes for D were derived. Our concemn here is not the
inferred Tiy;, but rather whether the inferred values of D are con-
sistent with those expected for a Parker spiral interplanetary mag-
netic field (IMF).

The inferred values of D from the 80 SST plots are shown in
Figure 4, plotted as functions of the simultaneous values of mea-
sured solar wind speeds. The points can be compared against the
minimum Parker spiral IMF travel distances (solid line) for the
corresponding solar wind speeds. Values of D range from 0.15 to
2.7 AU; the distribution median is 0.88 &+ 0.09 AU, inconsistent
with a realistic D for a solar source. The D exceeds the minimum
travel distance for only 16 of the 80 events. Similar results are
obtained when we plot the 23 EESA (a two-point plot is omitted)
and the 24 combined SST and EESA event D values (Fig. 5)

c/V

Fic. 3.—~Two examples of poor fits to the c/v plots. Top: Event of 1996 July 9
with D = 0.75 £ 0.03 AU. Bottom: Event of 1997 April 7 with D = 1.05
0.10 AU. This is the same event as shown in our Fig. 1 from Krucker et al. (1999).

against the solar wind speeds. Those median values of D
are 0.95 & 0.07 AU for the separate EESA events and 0.99 £
0.06 AU for the combined events.

3.4. Tests for Validity of Tp and D

We have done several tests to look for any dependence of Tj or
D on event characteristics observed in the SST. We first obtained
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Fic. 4 —Travel distance D as a function of the associated solar wind speed
for the onsets of the 80 3DP SST electron events of the study. Squares indi-
cate the beamed EPAM events. The solid line shows corresponding Parker spiral
path lengths.
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Fic. 5.—Travel distance D as a function of solar wind speed for the 24
combined 3DP low-energy EESA and high-energy SST events. Squares indicate
the beamed EPAM events. The solid line shows corresponding Parker spiral
path lengths. As with the SST events of Fig. 4, most deduced travel distances D
are less than the required minimum distance, and hence are inconsistent with the
assumptions of the ¢/v plots.

the time intervals AT between the Ty for the 30 and 135 keV
energy channels for each of the 80 SST events. In their SEP
propagation model, Lintunen & Vainio (2004) found a trend of
increasing AT (hence increasing D) with smaller peak SEP
intensities for their assumed background counting rates. Their
preevent background acted to delay onsets of low-energy chan-
nels more than those of the high-energy channels. We compared
the 80 event AT and D values with the corresponding 82 keV
peak-to-background ratios and found weak inverse correlations
for both, indicating that the more intense electron events are sta-
tistically associated with slightly smaller D. Thus, small peak-to-
background ratios are not responsible for the cases of D < 1 AU.

A dependence could also arise if some electrons in a particular
energy range lose only some of their energy in the detector and
are registered in lower energy channels (Haggerty & Roelof
2003), resulting in apparently earlier Tp in those channels. That
effect would result in artificially smaller differences of T among
the channels and a smaller D for the event. That effect might be
more likely for harder electron energy spectra. For a second test
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Fic. 6.—Travel distances D for 64 SST high-energy (30-230 keV) electron
events vs. log values of the e-folding rise times 7, obtained at event onsets.
The line shows the least-squares best fit. The correlation is indicative of cross-
channel instrumental effects that produce early 7 in lower energy channels and
smaller D.

g
=}

Fic. 7.—D for the SST high-energy (30—230 keV') vs. the EESA low-energy
(2-27 keV) components of the 23 3DP electron events. Squares indicate the
beamed EPAM events. Equal values for the two components would fall on the
diagonal line.

we compared both AT and D with event power-law spectral ex-
ponents obtained for the peak fluxes of the events. Peak energy
spectra may not be good indicators of the spectra near event on-
sets, but we found slightly larger AT and D for harder spectra,
contrary to what might be expected from this detector effect.

There are, however, three indications that the D derived from
the SST c/v plots (Fig. 4) are partially due to instrumental effects.
First, we compared the event Ty for the 27 keV channel of the
EESA detector and for the ~30 keV channel of the SST, which
should differ by only ~1-4 minutes, depending on the actual en-
ergy bands of the detector channels and on the electron energy
spectrum. The event median difference in 7} is about 6 minutes,
suggesting some inconsistency in either the T, times or the as-
sumed channel energies. The effect on the resulting ¢/v plots can
be judged from Figures 2 and 3, particularly the 1997 April 7
event of Figure 3, for which the 27 minute difference is the worst
of all the events.

Second, we did a test similar to that of Huttunen-Heikinmaa
et al. (2005), who found D < 1.2 AU for 10 of their 25 14—
51 MeV SEP events observed with the Solar and Heliospheric
Observatory (SOHO) ERNE instrument and suggested that any
cross-channel effects on T should be worse, i.e., produce smaller
D, for events with faster rise times at event onsets. Rise times of
the ~15 MeV proton intensities of their SEP events correlated
(r = 0.62) with the D derived from c/v plots, indicating some
cross-channel effects. For our events we determined the inten-
sity e-folding rise time 7, at the beginning of each event for the
82 keV SST channel. In 16 cases the electron intensity did not
reach a factor of e above background, so no value was obtained.
Figure 6 shows the correlation (r = 0.53, significant at >99%)
between D and the log values of 7,, indicating that D is biased
by instrumental effects on the SST T and the c/v plots derived
from them. Third, we compare in Figure 7 the D values of the
high-energy SST electrons with those of the 23 low-energy EESA
electron events. The systematically larger EESA D values are
consistent with artificially small values for the SST D, although
effects of an energy-dependent propagation cannot be ruled out.

It is clear that instrumental effects are playing a role in the
unphysical values of D obtained from the ¢/v plots. However,
values of D cover a large range for the 80 £ > 30 keV electron
events (Figs. 4 and 6), and it is not obvious that cross-channel
contamination can explain the entire range. Most of the D values
in Figures 4 and 6 lie below the minimum calculated values for D
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along the Parker IMF. Even ifthe values of ATand D determined
for the SST were artificially small, we have also found the same
result with the 24 combined EESA and SST events (Fig. 5) and
with the EESA-only events (Fig. 7). In fact, for 16 ofthe 23 EESA
events, the inferred D is less than the minimum calculated D. In
addition, we find that neither the combined EESA and SST nor
the EESA-only values of D correlate with the log values of the
e-folding rise times, contrary to that of the SST values shown in
Figure 6, or with event intensities, measured by the 82 keV peak-
to-background ratios. Our conclusion is that the derived D values
are smaller than the minimum spiral IMF travel distances for a
large fraction of the 80 electron event onsets of this study and that
the result cannot be due entirely to instrumental effects. The results
in those cases call into question the ¢/ technique for determining
Ty for the electrons.

4. DISCUSSION

Fundamental to all studies of solar energetic particle popu-
lations observed remotely from the Sun are the time and location
of acceleration and injection. For those observations the ¢/v plots,
based on the velocity dispersion of the first arriving particles, may
be the only tool for deducing the time and/or source of the injec-
tion. We have seen in § 2 that ¢/v plots have been widely used by
many authors to determine injections in different events, but those
studies have yielded inconsistent results involving the injection
profiles of not only the near-relativistic electron events, but also
the gradual (§ 2.1) and impulsive (§ 2.2) ion SEP events. In this
work we have put the c/v plots of solar near-relativistic electron
events to a test of their consistency with minimal travel distances
D and found that in most cases they do not pass that test. This
implies that one or more of the assumptions on which the ¢/v plots
are based must be invalid.

An intrinsic limitation to the use of c¢/v plots is that the SEP
onsets are always observed in a particle detector, as they rise
above the background counting rates of the detector channel. The
investigator is confronted with the problem of determining the
profile of the SEP onset as it would appear in the absence of that
background, which generally has its own temporal variations and
may also be coupled to the SEP signals of other channels of the
detector. We briefly summarized in § 3.2 the techniques used
by other investigators who have analyzed electron onsets in the
EPAM and 3DP detectors. However reasonable those techniques
may appear, the actual form of that earliest onset remains unknow-
able and represents an intrinsic limitation to the c¢/v plots. In this
work we too had to assume that the determined electron onset
times were good approximations to “actual” electron onset times
at 1 AU.

Even a good straight-line fit and reasonable (~1.1-2 AU)
inferred D for a ¢/v plot is not a sufficient condition (Saiz et al.
2005) for use of the plot. Krucker (2003) has pointed out that in
their (Krucker & Lin 2000) class 2 SEP events, for which they
preferred an energy-dependent proton injection, it is surprising
that the onset times at 1 AU are still observed to be inversely pro-
portional to the velocity, yielding good ¢/v plots. Those class 2
proton event onsets yielded D ~ 2 AU, but as mentioned in § 1.2,
some scattering models can produce event onsets with reasonable
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D but significantly delayed Ti,;, despite an impulsive injection of
the particles (Lintunen & Vainio 2004). Thus, even the events of
Figures 4 and 5 close to the spiral IMF distances may yield Tiy;
significantly delayed from the actual injection times.

Use of the ¢/v plots assumes that the solar injection profiles are
both energy independent and characterized by rise times suffi-
ciently impulsive to produce well defined detector onsets at 1 AU.
Energy independence could be violated when trapping conditions
at the Sun allow an earlier escape of higher-energy particles or
when acceleration to the higher energies of the injected spectrum
occurs on an extended timescale. These energy-dependent injec-
tions would obviously undermine use ofthe ¢/v plots and were not
considered in the Lintunen & Vainio (2004) and Saiz et al. (2005)
models. However, those authors did consider injection profiles with
extended rise times and found both injection time delays and D
to increase with the injection durations.

We have used the calculated spiral IMF distances as our fi-
ducial in Figures 4 and 5, but field-line wandering induced by
turbulence is theoretically expected (Ragot 1999, 20065, 2006¢;
Ruffolo et al. 2004) and inferred from some type III burst profiles
(Reames & Stone 1986). Field-line lengths in corotating inter-
action regions may be subspiral (Schwadron & McComas 2005)
and hence shorter than the idealized values, but the prevalence of
field-line wandering and wobbling will lead to path lengths longer
than the ideal spiral values, with even fewer derived values of D
shown in Figures 4 and 5 satisfying those minimal lengths.

Scatter-free propagation for the particles of the event onsets is
another key assumption for the c¢/v plots. Recent work has shown
that near-relativistic electrons are scattered primarily in gyrores-
onant interactions with whistler waves and nonresonant wave-
particle interactions (Ragot 2005, 20064a). The strong increase
with energy of the whistler scattering of 10 keV to 1 MeV elec-
trons may explain the low inferred values of D. The extreme de-
pendence of nonresonant interactions on the electron pitch angle
would be consistent with a low pitch-angle filtering and possible
trapping of the electrons before their arrival. Models including
these realistic scattering processes can be tested against electron
observations from instruments such as the EPAM and 3DP de-
tectors. The observational aspect of solar particle injection would
also greatly benefit from a satellite mission to the inner helio-
sphere, such as the NASA Living with a Star Sentinels Mission
(Lin & Szabo 2005), where SEPs can be observed with minimal
scattering, as made clear by the results from the Helios mission
(Kunow et al. 1991).
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