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Evidence for acceleration of near-relativistic electrons by coronal
shocks

D. Haggerty and E. Roelof
The Johns Hopkins University Applied Physics Laboratory

Abstract. The time histories of near-relativistic impulsive solar chromosphere and low corona represents a significant
electron beam events (38-315 keV, 4v/c < 0.8) mea-  observational and theoretical challenge.

sured at 1 AU provide unique information on their solar ac-  Adding to this challenge the origin are a number of re-
celeration process. Nearly 80 such events have been identports of a delay between solar flare related electromagnetic
fied by ACE/EPAM from 1997 through 2000. We have per- emission and the most probable injection time of the rela-
formed a detailed statistical analysis of the timing betweentivistic electrons Simnett (1974), as well as a delay between
the near-relativistic electron injection and the soft X-ray, mi- the injection of the relativistic and non-relativistic electron
crowave, metric type-lll, and chromospheriexidmission.  populations themselves (Lin 1974, Svestka 1976). In this
We find that the 40-300 keV impulsive electron events ob-study we report that the near-relativistic electron populations
served at 1 AU are injected on average 10 minutes after th¢38-315 keV) observed 1997-2000 near 1 AU from the ACE
solar electromagnetic (EM) emissions. Consequently we rar&pacecraft that show a mediarl 0 minute delay between the

ly see 38-315 keV electron injections simultaneous with anyemission of electromagnetic radiation and the injection of the
solar electromagnetic emissions, including the metric type-near-relativistic electron populations.

Il bursts (which are known to be created by low energy elec-

tron beams escaping the corona). Therefore the electron pop-

ulations escaping at the time of the EM emissions must have EPAM instrument

a much softer spectrum than the 38-315 keV electron events

that are injected at a later time. The EPAM instrument, Electron, Proton, and Alpha Monitor
(Gold, 1998), is designed to make measurements of ions and
electrons over a broad range of energy and intensity with five
separate solid-state detector telescopes that provide nearly
full coverage of the unit sphere. This study uses high-resolu-
tion electron data obtained by the EPAM instrument through

1 Introduction

The initial in situ observations of non-relativistic electrons

N o .~ two independent techniques.
(Van Allen and Krimigis, 1965) and relativistic electrons (Cli-
ne and McDonald, 1968) were associated with solar elec- The deflected electron (DE30) segment of the Low-Energy

tromagnetic emissions. Reviews of the non-relativistic (Lin Magnghc Spect:orr}leteOIr f,:‘E't\./lsst?]) tglescqpe mleatsures gltic-

1974, 1985) and relativistic electrons (Simnett, 1974) showecg ggrs )E)rqu?vnselgie)\// ir?toe;slgﬁ d_;;?gzggg;e_?r:gﬁzmsm

that the impulsive electron events observed in interplanetar){eles?épe sweeps out an annulus centered %(3@50) 0

space are only I(_)osely coupled withHiares, hard X-ray .the anti-Earthward (Sunward) spin axis of the ACE space-

(HXR) events, microwave bursts, and even metric and deC|-Craft and data are accumulated in four 9@ctors each of

metric type-Ill radio bursts (which are known to be produced seconds duration. The DE svstem contains four electron

by electrons escaping the sun into interplanetary space). Thg : y

lack of timing agreement between impulsive near—relativisticChannels between 38-315 keV. -

electron beams observed in interplanetary space and detailﬁd The second telescope (LEFS60) uses an aluminized Pary-
i

yet semi-uncorrelated observations of electromagnetic radic- ' foil, nominally 0.35 mg cm? thick, to absorb ions with

ation (some produced by energetic electrons) emitted in thgnergies below e_lpproximately 350 keV, while allowing ele(_:-
trons with energies above 35 keV to pass through to a solid-

Correspondence tdD. Haggerty state detector. The LEFS60 telescope samples an annulus
(Dennis.Haggerty@jhuapl.edu) centered at 60(+ 25°) to the ACE spin axis and has eight
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wl Clear electron onsetd/e define the onset time as the time
2000/4900:30 49 09:45  4910:00 49 10:15 4910:30 491045 49 11:00 when the electron intensity is first observed rising above the
pre-event intensity. For our electron event list we used the

Fig. 1. Energetic electrons observed at 1 AU by ACE/EPAM. In- time of the highest energy channel (i.e. highest velocity elec-

tensity histograms at four energies and a representative pitch-anglé0ns) where a clear onset was observed. This minimizes the
distribution (labeled by detector spin sector). effect of wave/particle interactions en route to 1 AU (see be-

low).

Beaming distributions beaming distribution has two char-
45° sectors accumulating data at 1.5 seconds/sector. Thacteristics: (1) a clear anisotropic distribution during the rise
LEFS60 system contains four electron channels between 45hase while (2) the direction of the peak electron intensity
312 keV. remains closely aligned with the IMF. As the energetic elec-

trons are accelerated and released onto open interplanetary

field lines and stream outward into the heliosphere, those
3 Electron event list particles whose pitch angles remain close to the IMF dur-

ing their outward transit will be observed first at 1 AU. Thus,

From the launch of the ACE spacecraft (25 August 1997)it is imperative that those electrons whose path is along the
through 9 September 2000, EPAM observed 267 energetiéMF are used to establish the onset time. The energetic elec-
electron events above pre-existing intensity levels. For thigron pitch angle distributions (PAD) are used to determine
study a minimum intensity of fparticles/(cm sr sec MeV) which electron events show a beaming distribution, which
at 38-62 keV, was required for the identification of the elec- detector system and direction (sector) measures the pitch an-
tron event onsets with sufficient statistical confidence. Stud-gle most nearly parallel to the IMF, and therefore which sys-
ies of these electron events at the highest temporal resolutiolem (LEFS60 or DE30) should be used to establish a precise
show that many have isotropic pitch angle distributions orelectron injection time.

non dispersive spatial onsets. The remainder is composed The electron event shown in Figure 1 is representative of
of beaming distributions, with pitch angles highly collimated the 79 events included in this study. The pre-event elec-
along the interplanetary magnetic field (IMF). With the goal tron intensity has been subtracted to highlight the clear and
of establishing the precise time that the near-relativistic elecprompt onset. The peak electron intensities at different ener-
trons were injected into the heliosphere, only those eventgjies show clear velocity dispersion yet equal intensities in all
composed of beaming distributions with strong anisotropychannels are measured during the rising phase of the event.
were used because they are minimally affected by interplanThis flat energy spectrum is the signature of interplanetary
etary propagation. From the initial 267 electron events, 79wave-particle interactions Roelof (2000). The effect of inter-
(30%) were selected for this study based on the following planetary wave patrticle interactions is to make the observed
two criteria. onset the earliest possible arrival time for the energy mea-
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sured at the spacecraft, so that the interaction has the leakiw for propagation. In Figure 3 the time (t=0) corresponds
effect in the highest energy channel. The electron intensitieso the electromagnetic emission and the histogram shows the
began sharply rising at 0930 with the E’'4 channel reaching arelease of the energetic electrons relative to that electromag-
peak intensity near 0945 and the slower E’1 channel reachnetic emission.

ing a peak near 1000. A slight local interplanetary effect is

identifiable by an intensity fluctuation not dispersed in time; 15/ ®) Ms‘f”iftT_Ype"“ Burst
it is marked by a dashed line just before 1000 UT. 10 ‘( a‘r 'Te) L

A five-minute averaged electron pitch angle distribution L T
(PAD) at the bottom of Figure 1 shows E’1 electrons (8 spin ® T ]

. X-ray
sectors labeled 1-8) as well as DE1 electrons ( 4 spin sec- ° (Start time)
tors labeled A-D). The energy coverage of the two systems is 12 | 1
essentially the same. For each sector displayed in the PAD,
the cosine of the electron pitch angle is plotted on the ab- 51© X-ray
scissa, and the intensity (normalized to the sector maximum) o (Peak time)
is plotted on the ordinate. The peak differential intensity (J) 5 i i |
measured in particles/(chsr sec MeV) is indicated above |,
the PAD. The peak of the distribution is clearly seen in sec- ¢ 15/©) Ha flare
tor 5 which is parallel to the magnetic field. The sectored % 10 (Start time)
angular distribution has a HWHM £33 (cosine =0.83). & 5 E—
This HWHM is comparable to the opening angle of the col- @
limator (24), so the actual beam is probably as narrow, or g 15 |® Ha flare
even narrower than the collimator itself. % 10 ‘(Pea“k tl:ne)

While most escaping electron events are observed at enz > - | |
ergies below~20 keV and are unassociated with chromo- £ 15400 MHz radio burst
spheric Hy flares, Lin (1993) found-60% of energetic elec- 2 ig (Start time)
tron events (E15 keV) have an associatechHlare. To £ 5 . . [ I S O I
verify that the electrons propagate directly along IMF lines 2
once they were released into the interplanetary medium, we () 15400 MHz radio burst
use the K location as a proxy for the location from where 10 (Peak time)
the electrons were released into the heliosphere. Of the 79 s —— i i i i i
events, 6@ had an associated chromospheria Hare re-
ported in the Solar-Geophysical data. Figure 2 shows a his-  ;5/(H) 8800 MHz radio burst
togram of the 47 events where amHlare location was re- 10 (Start time)
ported. The vast majority of these events (37/47) are well 5 ]
connected to W3BW70°.

150 8800 MHz radio burst
10 (Peak time)
4 Solar electromagnetic emission correlations > — . i i i i i i
-20 -10 0 10 20 30 40 50 60
The NOAA Solar-GeophysicaI data archive contains the tim- Delay of near-relativistic electron injection relative to (t=0) solar

. . . EM emission identified in each panel.
ing of the electromagnetic emission from the low corona. P

In this Suédy we use the tgigg of the fi)(;ed frgguency n;]' Fig. 3. Timing correlations between near-relativistic electron in-
crowave bursts (RBR) at . MHz and 15400 MHz, t ejection time and times of various electromagnetic emissions pub-
sweep frequency (RSP) metric type Il bursts, the Soft X- jished in the Solar-Geophysical data (NOAA/SEL). A) metric type-

ray events (XRA) and the chromospheriaflares (FLA) in - i bursts, B)1-8A soft X-ray start time, C) 1-8 soft X-ray peak
comparison to the 79 electron events observed at 1L AU.  time. Panels D and E: & flare start and peak time respectively.

Figure 3 shows histograms that relate the timing of the en-Panels F and G: 15400 MHz microwave burst start and peak time,
ergetic electron injections relative to various electromagneticd®anels H and I: 8800 MHz microwave burst start and peak time.
emissions. To compare the electron injection to the electro-
magnetic emission, the timing of all observations was taken Of the 79 near-relativistic electron events in this study we
back to the time of injection or emission. The injection time found 45 metric type-Ill bursts that were clearly correlated
for the near-relativistic electrons was obtained from the on-with the energetic electron events. The comparison between
set of the highest energy electron channel where a clear evetihe metric type-11l emission and the near-relativistic electron
onset was observed and assuming 1.2 AU scatter free propanjection is shown in Panel A of Figure 3. The electron in-
gation along a Parker field (e.g., 13.7 minutes for a 235 keVjection is clearly delayed relative to the type-lll emission
electron). The electromagnetic emission time was obtainedy a median 9.5 minutes. A clear delay is also observed
by subtracting 500 seconds from the earth received time to alwhen compared to the chromospherie flare start and peak
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times. There is a median 12 minute delay compared to theccelerating mechanism on the order of 10 minutes. A typ-

Ha start time (Panel D) and a median 9 minute delay com-ical coronal shock (1000 km/sec) originating near the chro-

pared to the peak time (Panel E). mosphere and propagating radially upward through the solar
The best correlations between energetic electron eventsorona takes-10 minutes to propagate 1 solar radius.

observed at 1 AU and solar electromagnetic emissions re- . )

ported in the Solar-Geophysical data is with the GOES SoftAckqowIedgementsThe work performed at the Johns Hopkins Uni-

X-ray (SXR) events. We found 62 SXR events that were Cor_verS|ty Applied Physics Laboratory has been supported by NASA

related with the energetic electron events. The delay bet\NeeHnOIer Task 009 of Contract NASS-97271.
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_ ApJ, 292, 699-715, 1985.

oy less hen on second an are wel corelated (Rscrwar 155 S0y i s and sl

L] . Processes in Large Solar Flares, ApJ, 227, 1072-1081, 1979.

time as,a prO_XY for the electron-produced HXR event Wh'Ch_CIine, T. L. and McDonald, F. B., Relativistic Electrons from Solar

occurs in the initial phase of the s_olar flare_ process. Energetlc Flares, Solar Phys, 5, 507, 1968.

electrons are delayed by a median 14 minutes relative to thgoid. R. E., S. M. Krimigis, S. E. Hawkins 11, D. K. Haggerty, D.
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There are 10 and 9 minute median delays observed relative tion Explorer Spacecraft, Space Science Reviews, 86, 541, 1998.

to the 8800 MHz microwave start (H) and peak (I) times re- Hudson, H. S., R. P. Lin, R. T. Stewart, Second-Stage Acceleration
spectively. in A Limb-Occulted Flare, Solar Physics, 75, 245-261, 1982.

Krucker, S, D. E. Larson, R. P. Lin, B. J. Thompson, On the origin
of Impulsive Electron Events Observed at 1 AU, ApJ, 519, 864-
875, 1999.

Lin, R. P., Non-Relativistic Solar Electrons, Space Science Re-

Timi lati bet HXR t . burst views, 16, 189-256, 1974.
Iming correfations between events, microwave purs S'Lin, R. P., Energetic Solar Electrons in the Interplanetary Medium,

chromospheric K| flares, and metric type-lll events hgve Solar Physics, 100, 537-561, 1985.
shown delays on the order of seconds or less. Studies ofin R. p., The Relationship Between Energetic Electrons Interact-
the so-called “second step” or “second phase” acceleration ing at the Sun and Escaping to the Interplanetary Medium, Adv.
process found the characteristic time for acceleration is on Space. Res., 13 (9)265-(9)273, 1993.
the order of the transit time of a shock through a solar flareRoelof, E. C., Injection Histories of Impulsive Solar Energetic Elec-
loop Bai (1979), Bai (1985), i.e. tens of seconds. This study tron Events: Effects of Interplanetary Wave-Particle Interactions,
clearly shows that the delay between the injection of near- Trans. Am. Geophys. U., 81, F953, 2000.
relativistic electrons and all classes of electromagnetic emisSimnett, G. M., Space Res., 13, 745, 1972.
sion is on the order of 10 minutes. Hudson (1982) reporteds'rgnztéé%'c'i\gaczeéa;'\‘/’i':\;ﬁ ei%“;g %vzesntiér;dlfnterplanetary space,
5-20 minute Qelays between eIeCtrc.m injection and VarlousSvestka, Z., Solar Flares, published by D. Reidel Publishing Co.,
phas.es of a limb-occulted fIarg and interpreted the delays as pp279-282, 1976
the t'm? it took the accele_ratlon age.nt_ to .travel agross thE\/an Allen, J. A,, and S. M. Krimigis, Impulsive Emission of 40
solar disk from the flare site to the injection longitude of ey electrons from the Sun, J. Geophys. Res., 70, 5737, 1965.
W 60°. Recently Krucker (1999) reported delays between
energetic electron events observed at 1 AU and dekametric
type-lll events observed above 2 solar radii, and discussed
the delay in the context of high altitude EIT waves traveling
from the flare site to the escape region.

In this study we have examined 79 impulsive near-relati-
vistic electron events, the majority of which originated be-
tween W30-W70° where a good solar connection and there-
fore no significant delays due to longitudinal or latitudinal
propagation of either electrons or EIT waves would be ex-
pected. Nonetheless a median 10 minute delay is observed
between solar electromagnetic emission and the injection of
the energetic electrons into the inner heliosphere. We there-
fore believe that the delay is due to vertical transport of the

5 Discussion and Conclusions



