PROCEEDINGS OF THE 31 ICRC, tODZ 2009 1

Injection of solar near-relativistic electrons
associated with radio bursts

Neus Aguedd, Rami Vainio*, David Lario ', Blai Sanahuja’ and Laurianne Palin*

*Department of Physics, University of Helsinki, 00014 Helsinki, Finland
fApplied Physics Laboratory, The Johns Hopkins University, Laurel, MD 20723-6099, USA
fDepartament d’ Astronomia i Meteorologia, Universitat de Barcelona, 08028 Barcelona, Spain

Abstract. Solar near-relativistic (NR) electrons are or acceleration at shocks driven by fast {000 km s~1)
observed in near-Earth space following different CMEs [5], [6] have also been proposed as a mechanism
types of solar transient activity, such as solar flares for the production of NR electrons.
and coronal mass ejections (CMEs). We have de- Solar radio bursts provide diagnostics of the electron
veloped an inversion method that allows us to infer acceleration mechanisms. Type Ill radio bursts drift
both the solar injection profile and the interplanetary rapidly to low frequencies, and often occur in groups
transport conditions of NR electrons by fitting the lasting several minutes at14 MHz. They are usually
directional intensities observed by theACE spacecraft taken as signatures of the flare impulsive phase [7] and
at 1 AU. We apply the inversion method to six trace 2-100 keV electron streams as they propagate
large NR electron events temporally associated with along open field lines from flaring regions near the Sun
type Ill and type Il radio bursts. For four events, into the interplanetary medium [8]. Type Il bursts are
the source injecting particles is active for a long distinguished by their slower drift rates and longer last-
period of time (> 3 h) whereas in two events, the ing emission relative to type Ill bursts and are attributed
injection profile shows several short € 15 min) to shocks moving out in the solar corona with speeds of
injection episodes. We compare the inferred injection ~1000 km s! [7].
profiles with 20 kHz to 14 MHz radio observations by The shock acceleration hypothesis was tested by
WAVES instrument on the Wind spacecraft. Strong studying the association of NR electron events with type
type Il radio bursts, revealing shock waves in the Il radio bursts and CMEs [9]. The event associations
corona, are associated with long-lasting injection with type Il bursts were found to be 37%/17% for
profiles, which suggests that coronal shocks have metric/decametric-hectometric (DH) type Il bursts and
an important role in the production of at least only ~ 50% of the electron events were associated with
some heliospheric NR electron events. On the other wide (> 60°) and fast & 900 km s"1) CMEs. The
hand, for other events, short injection episodes are poor association led to the conclusion that at least some,
in temporal correlation with type Il radio bursts.  and perhaps most, NR electron events do not originate
In such cases, NR electrons are more likely injected from coronal shocks [9]. In a later study, Kahler et al.
due to processes of coronal restructuring (magnetic [6] found that those NR electron events showing highly
reconnection) following the CME lift-off. anisotropic pitch-angle distributions at 1 AU for long

Keywords: Sun: particle emission — Sun: radio (> 2 h) time periods are well associated with metric
radiation — Sun: flares — Sun: coronal mass ejections and DH type Il bursts, supporting the possibility of a

class of shock-accelerated NR electron events.
Recent work based on fitting NR electron intensities
l. INTRODUCTION observed at 1 AU allows us to compare solar NR electron

Solar near-relativistic (NR) electrons>( 30 keV) injection profiles with corresponding white-light, X-
are usually observed in interplanetary space as discredy and radio signatures [10]. Inferring the injection
events following different types of solar transient adgivi profile is a powerful tool to distinguish between different
[1], such as flares and coronal mass ejections (CMEs)echanisms of particle acceleration and release into
In situ observations of NR electron events in the helianterplanetary space.
sphere can be used to infer the mechanisms of electrorin this paper, we address the question of the relative
production at the Sun (e.g., [2], for a review). contributions that flare and shock acceleration processes

Comparisons between the timing of solar transietiave in large NR electron events. We make use of
electromagnetic phenomena and the inferred startisgnulations of the propagation of NR electrons along the
time of the electron injection have been used to einterplanetary magnetic field under reasonable fiducial
amine the solar sources of NR electrons. Observatior@anditions to fit the directional intensities observed at 1
studies have suggested that most NR electron eveAtd by the LEFS60 telescope of the EPAM experiment
result from flares [2]. But other mechanisms, such as board theAdvanced Composition Explorer (ACE)
magnetic restructuring in the aftermath of CMEs [3], [4]12] and thus infer the electron injection profile close
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to the Sun and the interplanetary transport conditions.Columns (1)—(5) of Table | give information about the
We compare the inferred injection profiles with the lowselected NR electron events: date; time of the onget,
frequency 14 MHz) type Il and DH type Il bursts and rise time (i.e. the time interval between the onset
observed by the WAVES instrument [11] on board thand the maximum intensity) in the E'4 energy channel;
Wind spacecraft. time interval selected for simulation; and event strength,
In Section 2, we present the characteristics of the NR, defined as the logarithm of the ratio between the
electron events selected for the study and the associaspih-averaged peak intensity,, and the spin-averaged
radio emissions. We review the transport model andean intensity of the pre-event backgroudg, in the
the fitting technique in Section 3. Section 4 gives aR’4 energy channel; thuS = log,,(1,/I).
overview of the results of deconvolving the directional The selected events show, as a whole, a median event
intensities observed during the selected events. Resudteength of 2.5 and rise times longer tharl h. The

are summarized in Section 5. period of modelization has been chosen to~b#-4 h,
since we aim at characterizing the solar injection profile
Il. DATA ANALYSIS of the first arriving electrons at 1 AU.

A. Event selection B. Radio data

We analyze 72 s averages of the electron intensitiesy|| the selected events were preceded by fast-drift
megsured by the LEFS60 te_lescope of the EPAM €¥ig pursts. We use 20 kHz—14 MHz radio spectrograms
periment on boardACE [12] in three energy ranges;acquired by the WAVES experiment on thénd space-

E'2 (62-102 keV), E'3 (102-175 keV) and E4 (175~raft [11] and available on the WAVES Web diteThe

312 keV). The LEFS60 detector is pointed®680m  gnocira) piots allowed us to estimate the start and end
the. spacecraft spin axis. As the §pac.:e_craft_sp|ns-, H®es of the associated type Il radio bursts at 14 MHz,
solid angle swept by f[h_e det_ecto_r IS d_'V'ded m_to €i9Mh the nearest 5 minutes. These times are givenin column
sect_ors, e_ach 45 prowdmg directional information of (6) of Table I. All type Il radio bursts happened in
the incoming particles. We also make use of magnetiqiation with the observations of soft X-ray emission
field and solar Wlnd data provided by the MAG [13] anqrom the Sun and H brightenings from the western
SWEPAM [14] instruments on boadCE to character- hemisphere of the S@nexcept for the 2004 Sep 19
ize the interplanetary magnetic field (IMF) during they,ant when no K brightening was observed.

events_. o We obtained the start/end times and the characteristics

We identified the NR electron events observed by the ho DH type Il radio emission from the WAVES
LEFS§0 telescop_e b_etween 2000 and 2007 meeting iRy site list. Columns (7)=(8) of Table | give the
following three criteria: times of the type Il radio bursts and the qualitative

« Significant enhancement of NR electron intensitiegssessments of the emission provided on the WAVES

i.e., spin-averaged peak intensities at least 30 tim@geb site. Three out of the six of the selected electron
higher than the pre-event background intensities #vents were associated with strong type Il bursts. The

the E4 energy channel - other three events were associated with diffuse, sporadic
« Negligible proton contamination in the electrorand intermittent type Il radio bursts. CMEs with speeds
energy channels of the LEFS60 telescope >1000 km s! were observed in association with most

« Quietness in the interplanetary medium, with stabléf the electron eventsthe speeds of the CMEs observed
IMF and steady solar wind parameters from ong association with the 2004 Sep 19 and the 2005 Jun
hour prior to the onset of the event until six hourg6 electron events were not measured due to lack of
later. observations.

We found 15 NR electron events that fulfill these three

criteria. Two electron events were excluded from the list

because there is evidence of previous events that cause¥/e fit sectored intensities observed by the LEFS60
high background levels. By looking for the onset time ofelescope of the EPAM experiment &CE by simulat-
the events at intensity levels which are a fixed percentaj@ the interplanetary transport of NR electrons and then
of the maximum intensity in each energy channel [151etermining the optimal injection function near the Sun.
and requiring velocity dispersion at their onset, we founlg_ Interplanetary transport

that seven other events had to be excluded. Therefore, 6 ] )
of 15 events were selected for further analysis. We use a Monte Carlo model to simulate the inter-

For the selected events, we checked that the pitdfl@netary transport of SEPs injected at the root of an
angle distributions observed by the LEFS60 telescopgchimedean spiral magnetic field line. The transport
covered a wide range in pitch-angle cosine. We foundHocesses mcludgd qre th? foIIovymg: particle strgamlng
reasonably good coverage in pitch-angle cosing (%) along the magnetic field lines, pitch-angle focusing by
that qqahﬂed them to be studied (see [16] for a detaiIed1http:”WWW_Iep_gsfc_nasa_govlw‘,jweS/V\,aveS_html
analysis of the pitch-angle coverage by the LEFS602htp://sgd.ngdc.noaa.govisgdijsp/solarindex.jsp
telescope). 3http://cdaw.gsfc.nasa.gov/CMEst/

I1l. TRANSPORT AND INJECTION MODELING
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TABLE |: Solar NR Electron Events and Associated Radio Burst

NR Electron events Radio emission
to Rise Period S Type I Type 1P Injection
Date (UT)  (min) (UT) (UT) (L) Comments type
@ 2 3 4 ®) (6) ) (8 9
2000 Nov 08  22:55 60 22:55-03:00 4.3 22:55-23:05  23:20a2:0 Intense L
2001 Dec 26  05:25 84 05:20-09:00 2.9 05:15-05:20  05:20005:0 Strong F-H L
2002 Aug 24  01:20 56 01:20-04:20 1.8 01:05-01:15 01:45%3:2 Strong F, Weak H L
2002 Dec 19  21:55 45 21:50-02:00 2.3 21:40-21:55  21:4522:3 Broad, diffuse band S
2004 Sep 19 17:25 85 17:10-20:45 2.2 16:55-17:30 17:1%618:1 Very sporadic L
2005 Jun 16 20:25 130 20:25-24:00 1.7 20:10-20:20  20:28021: \Very intermittent S

@ Duration of the type Ill bursts estimated atl4 MHz to the nearest 5 min.
b DH type |l bursts reported in the WAVES Web site. Times withefer to the next following day. (F = fundamental; H = harnoni
¢ Electron injection type inferred from fitting the directanelectron intensities observed BZE at 1 AU (S = short; L = long-duration).

the diverging IMF, pitch-angle scattering by magnetito transform the simulated pitch-angle distributions into
fluctuations, adiabatic deceleration resulting from thgectored intensities measured by the telescope [10]. The
interplay of scattering and focusing and solar windhodeled sectored intensitie®]*(¢; A,.), in sectors can
convection [17], [18]. The results of the simulation givébe written as
the directional distribution of particles at 1 AU, as a T
function of time and energy range of interest (see [10] M*(t; \) = / dt'g®(t, t's \) q(t'), 2)
for details). T
As initial condition we consider all particles to bewhereq(t) -to be determined- represents the electron in-
injected instantaneously at two solar radii from thgection function and;®(,¢'; \,.) represents the contribu-
center of the Sun. Thus, the results of the simulatiafon of an impulsive injection to the modeled intensities
are expressed in terms of Green’s functions of particter a given sectos, at a given time, when the injection
transport. The energy spectrum of the solar source is df-NR electrons took place at timg.
scribed by a power lawd(N/dE oc E~7+) with spectral  Taking into account the eight sectors of the tele-
index~s, which is estimated from the observational datgcope and discrete values of time, the best-fit injection
(see [10]). function can be determined by comparing the modeled
In the solar wind frame, the pitch-angle diffusiorintensities with the observations. Létbe the sector-
coefficient can be expressed &k, = v(1 — 1*)/2, averaged background intensity adg= I, — b, where
wherev is the scattering frequency andis the particle ; = 1,2, ..., n numbers the observational points. We want
pitch-angle cosine. We assuméu) = v (M&L\L\ + e) to derive them-vector ¢ that minimizes the length of
wheree allows us to simulate different scattering conthe n- VeCtOfJ M, that means minimizing the value
ditions, from quasi-isotropice(> 1) to fully anisotropic ©f ||J — M|| = ||.7—g- ]|, subject to the constraint that
(¢ = 0, totally decoupled hemispheres in thespace). ¢; > 0 Vj = 1,2,...,m, wherej numbers the injection
The scattering ratey, is determined from the mean freetimes. The best-fit injection function corresponds to a
path parallel to the field|, or the radial mean free pathcombination ofm delta-function injection amplitudes at

M-, Which are related by timest;. To solve this inversion problem and obtain the
) g0 112 best- flt injection values, we use the non-negative least
L)\ = 2v B (1) squares method [22].
cos? 1) 4/, (1) The best-fit transport parameters, (and scattering

where v is the particle speed and is the angle be- case) are determined by minimizing a goodness-of-
tween the magnetic field and the radial direction [19fit estimator which computes the sum of the squared
Particle transport perpendicular to the magnetic field ggarithmic differences between the observational and
neglected. Following the procedure adopted in previolfde modeled data in each energy channel. The calculation
WorkS, we assume the radial mean free path to [%the gOOdneSS of the fit is restricted to the time interval
Constant' independent of the radial distance and ene@ected. The gOOdneSS'Of'ﬁt estimator of the whole fit is
[20], [21]. obtained by adding the values obtained for each energy
channel.

B. Fitting sectored intensities

The goal is to solve the inversion problem of inferring IV. RESULTS
the transport parameters (i.8,, ¢) and the injection  We simulate the selected NR electron events following
time profile at the Sun from a set of in-situ measuretthe same procedure as described in [10]. We consider
sectored intensitieg®(t), where I*(t) is the intensity three scattering cases: isotropic scatterinuf = vo)
measured at timeby sectors in a given energy channel. and twou-dependent scattering cases, one with 0.10
By taking into account the angular response of th&nd one withe = 0.01, for several values ok,., quasi-
sectors scanned by the LEFS60 telescope, we are albigarithmically spaced between 0.04 AU and 1.5 AU.
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Fig. 1: Electron injection profiles derived for the E'2 engrchannel (injection times are shifted by 8 min to
account for the light travel time). In addition to the fit résihistogram), a smoothed curve obtained by six-point
moving average is shown in the left panel. Radio flux (in dBrdva&ckground) observed Byind/WAVES.

The fits succeed in reproducing most of the featurgmrticles along the IMF. The injection profile allows us
of the intensities observed in the eight different sectote gain insight on the solar sources of these electrons as
in the E'2, E’3 and E’'4 energy channels. All the selecteil provides key information about the injection timing
events are best fitted assumikhg < 0.24 AU (Note that and duration.
other events require largar. such as the event analyzed We simulated six large NR electron events and found
in [10]). According to the values of the goodness of fithat coronal shocks and reconnection processes both
estimator, three of the events studied here can be bssem to play a role in the injection of NR electrons.
fitted assuming:-dependent scattering and three eveni&he observation oftrong type Il bursts may be a good
assuming isotropic pitch-angle scattering. guide to infer shock acceleration of NR electrons since

The inferred injection profile of four of the eventscoronal shocks producing strong type Il radio bursts are
displays a prolonged injection lasting at least thresssociated with long-lasting>(3 h) injection profiles.
hours, whereas for two of the events the injection profile
is composed by several sparse shertlg min) injection
episodes. Column (9) of Table | lists the type of injection[l] R.P.Lin, Solar Phys., 12, 266, 1970.
profile that best fits the selected events. The injectio } S\JNFKQZE Space f,?éek?fst?:gﬁyf%_735’09512105872'1 2004,
profile inferred for the 2001 Dec 26 and the 2002 Deq4] K.L. Klein, S. Krucker, G. Trottet, and S. Hoang, A&A, 431
19 events in the E'2 energy range is shown in Figure 1 to 1047, 2005.
illustrate the two categories, respectively. The injattio 3l S%?'%T%BZE'C' Roelof, and D.K. Haggerty, Astrophys,
profile appears patchy in both cases, however, if wg] S.W. Kahler, H. Aurass, G. Mann, and A. Klassen, Astraphy
convolve the modeled Green’s functions by a smoothed J-. 656, 567, 2007. _
injection profile (see smoothed curve in Figure 1) in thd”) 3P Wid. 'S.F. Smerd, and AA. Weiss, Annu. Rev. Astron.

o ) ; Astrophys., 1, 291, 1963.
case of a prolonged injection, the fit does not practicallys] R.P. Lin, Solar Phys., 100, 537, 1985.

differ from the best fit. [9] S.W. Kahler, H. Aurass, G. Mann, and A. Klassen, Proc. IAU

. . Symposium no. 226, 338, 2005.
Four NR electron events associated with strong type[hlo] N. Agueda, R. Vainio, D. Lario, and B. Sanahuja, Astrggh.,

radio bursts, revealing shock waves in the corona, show 675, 1601, 2008.
long-lasting injection profiles, which suggests that, if-1] g{LE B(gu%ertit <Iet aSI Spaé:e_ SC|en|ge Regé, 751,15,151)335.
. .e. Gold et al., space science Rev., y , .

these cases, coronal shocks are most Ilkt_ely the sou C.W. Smith et al., Space Science Rev., 86, 613, 1998.
of the NR electrons observed in the heliosphere. OQm] D.J. McComas et al., Space Science Rev., 86, 563, 1998.
the other hand, the injection of two NR electron evenfé5} f\l ':&ntuns-”' gndv R. _Va'f[])'O'LA&A' 42(;18343 20;)4,- Adv. 6p

P . . . . . . Agueda, R. Vainio, D. Lario, an . Sananuja, V. a
shows sparse short injection episodes while mte.rmltte[r]if3 Res. submitted, 2009.
and broad type Il radio bursts are observed. Their spafsg L. Kocharov, R. Vainio, G.A. Kovaltsov, and J. Torstiplar
occurrence, well correlated with several type Il radip _ Phys., 182, 195, 1998.

bursts, suggests that they could be related to processeggf 563/3'”'0' L. Kocharov, and T. Laitinen, Astrophys. 528, 1015,

coronal restructuring (magnetic reconnection) occurrirgo] K. Hasselmann, and G. Wibberenz, Z. Geophys., 34, 35338.
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us to infer the injection profile of NR electrons at the
Sun by simulating the propagation of solar energetic



