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ABSTRACT

We investigate how magnetic fields guide energetic pasgtitieough the corona into interplanetary space and evéyntoa spacecraft
near the Earth. A set of seven simple particle events isetiudvhere energetic electrons (30-500 keWnd spacecraft) or protons
(5-55 MeV; SoHO) were released together with low-energgted& beams producing metric-to-kilometric type 11l enniss Imaging
of the coronal (metre-wave) part of this emission with thexdésy Radioheliograph is used to identify the open flux tubas guide
these electrons - and by inference all particles detect&ddat. Open coronal field lines are also computed using paikemtagnetic
field extrapolations, constrained by a source surface an8d®yQMDI measurements in the photosphere (code by Schrijver and
DeRosa). We find that in all events the type Il radio sourae@lopen flux tubes in the potential magnetic field extrapafes. The
open flux tubes are rooted in small parts of the parent acgi®n, covering a heliocentric angle of a few degrees in Hwgsphere.
But they expand rapidly above the neighbouring closed ntagetuctures and cover several tens of degrees in longitudthe
source surface. Some of these open field lines are found twecbtthe parent active region to the footpoint of the nomireker
spiral on the source surface, within the uncertainty of akdi® inherent to the evaluation of its connection longitude.sTikiso
even when the parent active region is as far d@sab@ay. In two cases where the coronal flux tubes point to hidiblagtudes, the
detection of Langmuir waves at thM#nd spacecraft in the ecliptic plane suggests that the inteepdaty field lines curve down to
the ecliptic before reaching 1 AU. We conclude that nonabopen flux tubes in the corona can transport particles axaral tens
of degrees in longitude even in simple impulsive particlergs. In all events we studied, potential magnetic field nsdae an
adequate description of these structures.

Key words. Sun: particle emission - Sun: corona - Sun: radio radiatiBnn: magnetic fields - Sun: flares, (Sun:) solar-terrestrial
relations

1. Introduction propagation region”. Wibberenz & Cane (2006) showed that fo

. . elativistic electron events this region may comprise fan to
Enhanced fluxes of solar energetic particles (SEP) - sedalyy from the well-connected fieldglline. y P ap

SEP events - accompany processes of explosive energy eonver o : .
sion in the corona, notably flares and coronal mass ejections HOW iS it possible that SEP from a broad range of longi-

(CMESs). From Parker's model of the interplanetary magnetigdes have direct access to a given spacecratft, rather tiign o
field, it is expected that particles accelerated in the careach 10S€ gamcles which are accelerated close to the nomavseP

the Earth, provided they are injected into interplanetaagnetic SPiral ? Shock-wave acceleration in a broad cone of open mag-
flux tubes near 5060° western longitude. Statistically speakN€tic field lines is often fiered as an explanation (Carmichael
ing, SEP events conform to this picture : their associatéar so1962; Lin 1970; Reames 1999). But EUV or X-ray images of
activity occurs most often in the western hemisphere, aglifi the corona also show that the magnetic field lines in the low

peak fluxes are usually measured by spacecraft near the nGRON& are complex. They might therefore provide longitatii

inally well-connected field line than at remote places (see rtransport of particles from localised acceleration sitear ac-

views by Kunow et al. 1991; Reames 1999). But there is a larfj&® région to the remote footpoint of the interplanetaridfine
scatter. For example, Lin (1970) and Kallenrode et al. (199 onnected with the spacecraft. Early work on transportenlid

showed that electrons in flare-associated - so-called ‘isigai 0¥ coronal magnetic fields is reviewed in Perez-Peraza (1986
- SEP events can come from flares as far as@y in longitude 2nd Kunow et al. (1991). At that time two types of situations
from the nominal Parker spiral connection. Nitta et al. @0 Were discussed : broad cones of open field lines extending dow
found a similar result for a large set #fle-rich SEP events at 1© the photosphere or complex particle motions in closed-mag
MeV/nuc-energies. Reinhard & Wibberenz (1974) showed tHagtiC structures and drifts to escape from them. Here weeaddr
the rise time 0f-10 MeV proton fluxes to maximum is indepen{N€ guestion to which extent and over which longitude ranges
dent of the longitude of the parent flare within a broad longRP€" magnetic flux.tubes transport charged particles aatete
tude range from W10to W100 (see also Fan et al. 1968; varln flaring active regions.

Hollebeke et al. 1975). They called this longitude rangestfa A number of authors have recently compared open coronal
magnetic field lines rooted in active regions, as inferrexfr
Send offprint requests to: K.-L. Klein the current-free (potential) extrapolation of photospherag-
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netic field measurements, with the presumed solar sourceKéfin & Posner (2005) which satisfied the above criteria. One
impulsive SEP events (Wang et al. 2006; Pick et al. 2006aNitevent (2003 Oct 04) was added because the solar releaseftime o
et al. 2006). We study a set of carefully identified eventsrehenear relativistic electrons could be determined with higbua

the release of near-relativistic electrons (30-500 ke\d) deka- racy from measurements of tié@ree-dimensional Plasma and

MeV protons (5-55 MeV) to interplanetary space occurred t&nergetic Particles Instrument on theWnd spacecraft (hence-
gether with the production of electron beams whose radig-emiorth Wind/3DP; Lin et al. 1995).

sion (“type Il bursts”) could be traced from the corona (atra

waves) to 1 AU (kilometre waves). We use both potential mag-

netic field modelling and radio snapshot maps of the type IB2. Computation of open magnetic field lines in the corona
sources in the corona, which provide an alternative means to and interplanetary space

identify open magnetic flux tubes and to localise the parent a

tive region of the SEP events. In Section 2 we present the t8&P events such as those discussed here are in general not sup
complementary techniques and demonstrate that they mrovibsed to be accelerated at CME shocks. Klein & Posner (2005)
consistent identifications of the open flux tubes which gpale showed specifically that although their impulsive protoares
ticles through the corona. We discuss the evolution of tflexe were accompanied by fast and narrow CMEs, the first protons
tubes with height and their connection with the interplangt arriving at 1 AU and the radio emitting electron beams were ac
magnetic field in longitude and latitude. Preliminary réswf celerated in the corona after the CME passage, not at its bow
the present study were reported by Lointier et al. (2004). shock. Since the SOHOASCO movie$ of these CMESs sug-
gest that they propagate along pre-existing field lines auth
substantially modifying them, we assume that the magneiid fi
configuration which guides the energetic particles throtigh

2.1. Radio identification of magnetic flux tubes in the corona  corona is quasi-static.

The present work starts from two samples of 18 near-resdivi In a quasi-static sitqation coronal r_nagnetic field lines can
electron events (energies above 30 keV; Table 1 in Klein.et B traced by extrapolating photospheric field measureménts
2005) and of six impulsive deka-MeV proton events (energiscommon to use a current free (pote_ntlal) field model to4iden
(5-55) MeV: Klein & Posner 2005) detected at tidénd and Flfy Iarg.e-scale coronal structures. While such modela;hmrl_y _
SoHO spacecraft, respectively. The energy-dependenabat insuficient to represent the_sheared and twisted magnetic field
the spacecraft of the first detected particles was used sethgonfigurations in active regions, they have been successful
publications to determine the solar release time to withioua COnnecting coronal and interplanetary structures on izges.
5 to 10 minutes. We analysed those events where one or g9t example, Schrijver & DeRosa (2003) and Wang & Sheeley
eral decametric type Il bursts were observed in the initial (2003) used such models to identify the origin of the heles
lease window by the WAVES experiment aboard\ted space- Magnetic field, while Wang et al. (2_006) showed that theyerepr
craft (Bougeret et al. 1995) or by the Nancay Decametrigprr Sent the large-scale open magnetic flux tubes which guide SEP
(Lecacheux 2000), and which were accompanied by metre wd0Eough the corona. In these models the transition between t
emission mapped by the Nancay Radioheliograph (NRH in tgaronal and the mterplanetary magnetlcﬂgld is supposmkm
following; Kerdraon & Delouis 1997). The type IIl bursts sho Place at a spherical source surface, outside of which the mag
when electrons were released to interplanetary space.dre chetic field is frozen into the radially flowing solar wind. $uc
mon timing, within the uncertainty of the method of releaset models are designated as potentlal f_|el_d-source surfacelmod
determination, suggests that the type 11l emitting electreams (PFSS models). More detailed descriptions, referencetdr o
(typical energy 10 keV, e.g. Buttiglier 1998) and at least theliterature, and discussions can be found in Schrijver & DeRo
first near-relativistic electrons and deka-MeV protonedetd (2003), Wang et al. (2006) and Nitta et al. (2006).
in situ were accelerated together and were guided through the Like Nitta et al. (2006), we use the PFSS code of Schrijver
corona by the same magnetic flux tubes. & DeRosa (2003) which is available in thel-basedSolar Soft

The NRH maps at frequencies between 150 and 432 Midata analysis packagjeThe extrapolation is based on evolv-
with a spatial resolution of 3" at 164 MHz allow us to localise ing synoptic maps assembled from measurements of the line-
the flux tubes at heliocentric distances between 1.1 and 4,.5 Bf-sight component of the magnetic field in the photosphere
provided the metre wave emission is the high-frequencyrextehy the Michelson Doppler imager (MDI) aboard the Solar and
sion of the decametric type Il burst. In order to make sueg thHeliospheric Observatory (SOHO; Scherrer et al. 1995)jrass
this is the case, we examined dynamic spectrograms obsgyveéhg the magnetic field to be orthogonal to the photosphere. Th
the radio spectrographs of the Potsdam Astrophysicatistt model is updated by directly inserting MDI magnetogram data
Tremsdorf (Mann et al. 1992, henceforth OSRA), the Univgrsias it becomes available. After flux rotates out of the asaiioih
of Athens (ARTEMIS, Caroubalos et al. 2001), and IZMIRANwindow (which extends out to about 6&rom disc centre), it
near Moscow. The metre wave spectra displayed numerowntinues to evolve subject to transport processes baséteon
densely packed bursts. Upon closer inspection of the spettr observed fiects of diferential rotation, meridional flows, con-
OSRA or ARTEMIS, many of these bursts turned out to be @kctive dispersal, and the merging and fragmentation of. flux
limited bandwidth or to resemble broadband pulsationserathThis model has been successfully applied to analyse the ob-
than type Ill bursts. For the present study we retained d¢rdge  served distribution of photospheric flux (Schrijver 20003 @s-
events where type Il bursts were seen in dynamic spectta Wifects of its long-term dispersal across the surface (Semr§

1 s resolution or better between at least one NRH frequereey (Title 2001). We then suppose that the SEP reach the spacecraf
at least 164 MHz) and the low-frequency limit of the spectro-

graph. We identified six SEP events from Klein et al. (200%) an

2. Observations and analysis

1 httpy/www.aip.dggroupgosrd, httpy//www.cc.uoa.glartemig, 2 httpy/lasco-www.nrl.navy.mjl
httpy/helios.izmiran.rssi.flargLARS.html 3 pfsspackage, cf. httgwww.Imsal.com derosgpfsspack
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Table 1. SEP event sample : solar wind parameters, associatedaatiggnetic connection to the spacecraft.

Date Time DOY SWspeed longitude longitude longitude Langit
uT) [km s (Parker) (flare) (AR of 111) distance

(1) (2 (3) (4) (5) (6) (7) (8)
20000419 12:34 110.52361 446 °652 EO%4 (8963) EOZI (8963) -53
20000501 10:24 122.43333 453 °52 - 54 (8971) 2
20010430 10:59 120.45764 456 °51 - 68 (9433) 17
20021005 12:16 278.51111 419 °56 - 64° (10134) 8
20021020 14:20 293.59722 666 °35 18 (10159) 22 (10160) -13

23 (10160)

25° (10159)

63 (10154)
20021212 12:41 346.52847 383 °61 - 36° (10213) -28
20031004 13:19 277.55556 485 °48 - 102 (10464) 54

along a Parker-spiral interplanetary magnetic field linajolv  the speed of the solar wind measuredWwiynnd/SWE* (Ogilvie

intersects the source surface at longitude et al. 1995) for the electron events detectedwyd/3DP and
o Re by SOHQCELIAS® (Hovestadt et al. 1995) for the proton events
po=—(1-=). (1) detected by SOH@OSTEP (2002 Oct 05 and 20, Dec 12). We
Vsw r used 1 hour averages during the time interval containing the

Herer is the distance from Sun centre to the spacecraft (212 &/pe Il bursts. Column 5 gives the longitude of the spadécra
for the Sun-Earth Lagrange point),the angular speed of So|arconne_cted nomln_al Parker spiral on the source surfacenﬁmﬁj_
rotation (taken here for a period of 26 days which lies betwegontains the longitude of a flare ¢iwhen one was reported in
the rotation period at the equator and the Carrington mngie- the Comprehensive Reports of NOA&slar Geophysical Data

riod of 27.3 days)Rs = 2.5 R, the heliocentric distance be-(henceforthSGD). The NOAA number of the flaring active re-
yond which the magnetic field is assumed to take on the foi@Pn is given within parentheses. Column 7 gives the lomgitu

of the Parker spiral, andsy is the radial solar wind speed, asof the active region (NOAA number in parentheses) where the
sumed constant in space. Nolte & Roelof (1973) estimated h&@tpoints of the open field lines of the PFSS extrapolatien a
the connection longitude is changed when a more realiskr sg’ooted that pervade the type Ill radio source mapped by NRH.
wind model is used, including a transition between corotati The coordinates were taken fro8GD (Sunspot groups), and
enforced by the coronal magnetic field and free expansioe-at interpolated to the time of the SEP release. Column 8 is the
liocentric distanceo > Rs, and a radially outward increasing,longitudinal diference between the active region (col. 7) and
rather than uniform, wind speed. The connection longitusfes the connection of the nominal Parker spiral. It is positiveew

the Parker spiral using, = 0.1 AU and 0.25 AU bracket those the parent active region is west of the nominal Parker sginal
evaluated aRs assuming constant solar wind speed, with aranggveral cases no flare was reported#D. The 2003 Oct 04

of +7°. Further uncertainty comes from the scattering around tHare occurred behind the limb, as shown by flare loops in the
nominal connection point of the Parker spiral field line.digh SOHQEIT daily movie. On other occasions naHlare was re-
Monte Carlo simulations based on the level of magnetic fluctRorted during patrol hours, while a conspicuous flare apgear
ations measured at 1 AU in a period of small to moderate solrthe SOHQEIT movie (e.g., 2000 May 01) .

activity (1996-1998), Ippolito et al. (2005) estimatedtttize Since these SEP events had significant electron fluxes and
connection longitude of the Parker spiral actually scattéthin  were associated with type Il bursts from metre to kilometre
a range of+(6° — 10°) around its nominal value. We thereforavaves, we refer to the particle events as “impulsive”. Fdur o
cannot expect that the nominal Parker spiral gives an esiofa them (2000 May 01, 2002 Oct 05, Oct 20, Dec 12) are also part
the connection longitude better than, say(°. The problem of of the sample ofHe-rich events studied by Wang et al. (2006).
the connection latitude will be addressed separately ih Se%:

2.4. Type Il burst mapping and open flux tubes from the
2.3. The events PESS model

Table 1 lists the events analysed in the following. Al

are near-relativistic electron events detected Vdind/3DP |n Fig. 1 maps of all events of Table 1 are shown. The first and

. third row display the iso-intensity contours at half maximu
or SOHQCOSTEP. Deka-MeV protons were observed Wltg[nthe selected type IIl bursts (0.125 s snapshot mayiterei

SoHQCOSTEP on 2000 May 01 and in the three events of 200 t colours representfirent frequencies) on top of the photo-

Langmuir waves were detected at the arrival of the type IlltemSpheric magnetogram and the open field lines through the radi

ting electrons awWind during the events 2000 May 01, 2001 Aprsources, computed by the PFSS model. Only the open field lines

30, 2002 Dec 12, and 2003 Oct 04. No Langmuir waves we & : . :
: to which the radio sources project are plotted. In the s&ico
Eetected_ with the 2&0? Apr 19 l;ype Illdbgr?t. Or|1d20q[2b0ct 28hd fourth row the same magnetic field lines are shown as they
angmuirwave packets were observed, but could not b€ UNglly, 4 have been seen by an observer above the Sun’s north pole
biguously associated with the type Il burst of interest\Wod 11,4 1o radial line marks the longitude where the nomindtérar

data exist for the 2002 Oct 05 type Il burst. o
Table 1 lists the event date (col. 1), the solar release tifrnes(?lraI intersects the source surface (cf. Table 1, col. 5).

the energetic electrons or protons (col. 2, with 500 s added f
the sake of comparison with the electromagnetic emissions & httpy/web.mit.edyafyathengorg/s'spacgvww/wind.html
Earth), and the fractional day of the year (col. 3). Columivég 5 http;/umtof.umd.edipmycrry
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Fig. 1. Equal-intensity contours at half maximum of type Il bur@i&ncay Radioheliograph; blue 151 MHz, red 164 MHz, yel87 MHz,
green 327 MHz) superposed on magnetograms of the photesfBeHG@MDI) and open magnetic field lines computed by the PFSS maddel o
Schrijver & DeRosa (2003). The first and third row of maps Rigghe view from the Earth (solar north at the top, west toripkt), the second
and fourth rows the view from a vantage point above the Surthrpole (Earth toward the bottom of the figure). The redakliie marks the
longitude where the nominal Parker spiral intersects tlhecgosurface.

The type Il sources clearly match regions of open magne(2000 May 01, 2002 Dec 12) the view from Earth is reminiscent
flux in the PFSS model. The open flux tubes are rooted in usuatlfysuch a simple picture. Most often the field lines undergo a
small monopolar areas of the photosphere. The field linemargapid non-radial expansion in longitude, which starts agis
all cases far from a simple radial geometry, even if occasdipn below (0.5-1) R above the photosphere. E.g., the plotted bun-
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dle of field lines of the 2003 Oct 04 event comprises a longi-
tude range of hardly“din the photosphere, 3%t the height of
the type lll emission (0.4 R, and 70 at the source surface. _
Through this non-radial expansion even field lines Whosemhoi 100

spheric root s far from the longitude of the nominal Parksgrad [ ‘

may connect to the Parker spiral at the source surface, bonwit
the uncertainties of the connection longitude:a°.

Frequency

The non-radial expansion of the coronal flux tubes is con- "THH ‘llﬁ‘mw I !
firmed by multi-frequency maps of the type Il bursts. Radio = "~ HE VA, -
emission near the harmonic of the local plasma frequency at UT on 2000 May 01
237 and 164 MHz comes from electron densities of, respdgtive
1.7 x 10° and 83 x 10’ cm3. In a hydrostatically stratified flux SR

tube at coronal temperatures - a model that agrees with elec-
tron density measurements at eclipses for heightsk, above
the photosphere (Koutchmy 1994) - these levels are (0.2R3.3
apart. But in several events at or near the limb the NRH oleser
sources with little frequency dispersion of their positon

— On 2002 Oct 05, the 164 MHz source has two compo-
nents, while the 237 MHz source has only one. The northern s og 1o 15 g
source component at 164 MHz is exactly superposed on the UT on 2002 Dec 12

237 MHz source : . .
) Fig.2. Dynamic spectrograms at kilometre wavelengths from
= In the 2093 Oct 04 type Il burst the sources at 151 a nd/WAVES including the type Il bursts on 2000 May 01 and
164 MHz lie about 0.1 Rabove the source at 237 MHz. 2002 Dec 12. Dark shading means bright emission. The arrboveea

; ; Py : the spectrograms point to the start of the type Il burstsntérest
Thl.s .pattem can be understood if the flux tubes guiding tera (cf. Tgble 1)9 The s%ort-lived narrow-band er?llip')ssions néakidz are
emitting electron beams are bent toward the observer SmeatLangmuir wave packets
same, or nearly the same line of sight intercepts the radicss '
at several frequencies. The view on the potential field [fnas
ab_0\_/e the northern SO lar pole ShOW$ the geometry expe@® fr, 5 | arit ginal evolution of the flux tubes in interplanetary
this interpretation : field lines bending earthward from g space
have a pronounced kink and make a small angle with the line of
sight at the projected altitudes of the radio sources, aplliee In the events on 2000 May 01 and 2002 Dec 12 the open coronal
and with the geometry required to have similar lines of stght magnetic field lines through the type Il burst sources cohte
the sources at 164 and 237 MHz. The situation is less clear the source surface at high latitudes (Fig. 1). Further fioeSun
2001 Apr 30 : the type Ill sources again suggest a flux tubelwhithe source directions of the type Ill bursts at frequengiebHz
curves towards the observer and towards the nominal cdonecian be identified using the rotational modulation of the aign
longitude on the source surface. But the polar view shows thaceived by the spinningind spacecraft. Measurements during
the field lines with the adequate orientation are at high#ude the two events (courtesy S. Hoang) confirm that the centroids
than the radio sources. of the radio sources align along flux tubes which rise nortidwa

The radio maps alone do not demonstrate that the flux tulishe ecliptic plane near the Sun. Parker's model then ptedi
guiding the type IIl emitting electrons are curved towards t that the particles have no chance to be detected in the ieclipt
observer. They might as well be curved in the opposite domct near 1 AU. Nitta et al. (2006) concluded indeed that the par-
But the fact that the type Ill radio emission is bright dowritite ent active region of the 2002 Dec 12 SEP event was not con-
vicinity of the plasma frequency at the spacecraft showsttiea nected to the vicinity of Earth by field lines inferred frometh
electron beams are guided towards the Earth, rather thayp awambination of a PFSS extrapolation with the Parker mods (s
from it. In the latter case the hectometric and kilometridioa their Table 2). But during both events Langmuir waves were de
emission would be considerably weakened by directivifgets tected at the spacecraft when the type 11l emission appeshch
(Hoang et al. 1997). Of course, Langmuir waves would not ke local electron plasma frequency. They show up as bright
detected from the parent electron beams in that case. Byt tipattches of emission at or below the low-frequency limit a th
were detected on 2003 Oct 04 (kénd observations on 2002 type Il bursts in Fig. 2. Since Langmuir waves do not propa-
Oct 05). gate away from their source region, this is significant evade

As a further consistency check of our identification of ththat the spacecraft intercepted the electron beams thdtped
magnetic connection from the Sun to the spacecraft we cothe type Il emission. This means that the interplanetany fie
pared the polarity of the open flux tubes in the PFSS extrdpies bent down to the ecliptic between the source surfade an
olation and the direction of the electron beams detected lafU, in agreement with the statistical analysis of direcfind-
Wind/3DP during all events. In the two events where the opéng observations of type Il bursts with the ISEE 3 spaceadraf
field lines had positive polarity (2000 Apr 19, 2001 Apr 30¢ thDulk et al. (1986) and withJlysses measurements of magnetic
electrons were focussed around pitch angle 0, while in the fdields and energetic particles at high heliolatitudes (ss&ew
events with negative polarity the electrons were focussedral by Neugebauer 1999).
pitch angle 180. The one-to-one correspondence of the stream- The only way to avoid this conclusion is to ascribe the
ing directions of the electrons ®Wind with the orientation of the Langmuir waves to a dierent source than the type Il emit-
open field lines in the extrapolation corroborates our ifieat ting electron beams, and to consider the temporal associati
tion of the open coronal flux tubes which guide the partiates is chance coincidence. On 2000 May 01 (Fig. 2, top) Langmuir
the spacecraft. wave packets were detected repeatedly during the dayuaitho

100

Frequ&cy [kHZ]




6 Karl-Ludwig Klein et al.: Open coronal flux tubes and enérgparticle transport

often at the times of type Ill bursts, especially the one of irthe active region where particle acceleration occurred,thn
terest in the present study. Chance coincidence cannotde ruelevant open structures in the PFSS extrapolation whideglu
out. The 2002 Dec 12 case is clearer, since a well-defined setiocelerated particles to interplanetary space (see Patk206,
Langmuir wave packets is seen with the kilometric type Iidtu for a similar discussion).
We therefore conclude that the detection of Langmuir waves This illustration justifies the strict selection criterighioh
with the kilometric type Il bursts indeed suggests thatelez- limit the number of events studied in the present paper. €hefs
tron beams emitting the type Il bursts are seen in the écliptomplementary diagnostics that we have in these eventssshow
plane near 1 AU. that the PFSS model gives a consistent description of SERapro
gation along large-scale open flux tubes in the corona, itrasn

) ) with some of the conclusions of Nitta et al. (2006). Whileithe
3. Discussion work is based on a ten times larger event sample than ours, it
has a more ambiguous identification of the solar source megio
It also evaluates the PFSS model in terms of its success in de-
scribing the latitudinal connection of the coronal magnééld
How reliable is the identification of coronal magnetic flukés to the vicinity of the nominal Parker spiral on the source sur
through radio imaging ? It has often been argued that electface. But two of our events which are connected to the eclipti
magnetic wave propagation in the corona, notably wave duptane, although the coronal magnetic flux tubes point to high
ing, introduces appreciable shifts of the images of metreewaheliolatitudes, seem to add further evidence to the idetztiiea
radio sources (Duncan 1979; McLean & Melrose 1985; Bematerplanetary field may have a latitudinal component whch
1993, ch. 11.5). However, several observations suggdstttia not described by Parker’s model.
maps do provide reliable localisation. For instance thecesi
of type Il and other fast drift metric radio bursts genedaby
electron beams are found in well-identified open or closegkla
scale magnetic structures seen in white-light or soft Ximy |t has been shown above that the non-radial expansion of open
ages (Trottet et al. 1982; Aurass et al. 1994; Kundu et al5199nagnetic flux tubes in the corona can carry SEP over several
Raulin et al. 1996; Aurass & Klein 1997; Klein et al. 1997) ofens of heliocentric degrees in longitude. Open field limetad
in magnetic field extrapolations (Aschwanden et al. 1992). |n active regions as far as S@&way from the nominal Parker
the case of a type Il burst where several harmonic lanes viere gpiral were found to be connected to the Parker spiral at the
served, the source at the harmonic was found to be cospdtial véource surface. This magnetic connection explains thetiong
that at three times the plasma frequency (Zlotnik et al. }998linal extent of the regions with rapid access to interplaryet
Since the #ect of electromagnetic wave ducting must decreaseld lines inferred from many previous studies of SEP events
with increasing harmonic number, wave ducting hence does fipin 1970; Reinhard & Wibberenz 1974; van Hollebeke et al.
affect position measurements of harmonic plasma emission. Wg75; Kallenrode et al. 1992; Nitta et al. 2006; Wibberenz &
therefore conclude that the type Il mapping does allow Us0 Cane 2006).
calise the magnetic flux tubes which guide the energetiaest The result confirms an old idea, put forward, e.g., by Fan
through the corona. et al. (1968) and Lin (1970). But the potential field extrapol
tions show that there is no need to invoke large regions ofiope
flux in the low corona or the photosphere or transport along
large-scale closed loops. The open flux tubes are rootedait sm
parts of active regions and rapidly expand with increaseiglht.
Our results corroborate the idea that flare-accelerateitlegr Their non-radial expansion is shown by the two complementar
escape along pre-existing open magnetic flux tubes. These filiagnostics, PFSS modelling and radio imaging. At the sourc
tubes have been identified in the present study with two indgirface these flux tubes cover a longitude range of seversabfe
pendent and complementary techniques, PFSS modelling dmdiocentric degrees. The field line bending is enforceddigm
radio imaging. An important element of our event select®n bouring closed magnetic structures in the parent activiemnsg
the simultaneity of the SEP release with type Il bursts. Theainly at heights below 1 R The acceleration of the SEP can
radio bursts demonstrate that electrons were accelenatédai hence occur in small regions in the low corona. But the fast flu
corona, and allow us to identify without ambiguity the par@ry tube expansion spreads these field lines over a broad lalegitu
tive region through metre wave imaging. The usefulnessisf tirange at the source surface.
approach is illustrated by the events of 2000 Apr 19 and 2002 This does not mean that energetic electrons escape through
Oct 20. The 2000 Apr 19 EIT daily movie at 19.5 nm wavethe entire cross section of the open flux tube. The type Ilisnap
length shows activity in two distinct regions at the time &5 do not constrain the depth of the sources and hence their lon-
release : AR 8963 at EO4nd AR 8951 at W77 A jet-like fea- gitudinal extent. In situ measurements of impulsive SEm&sve
ture is observed in the latter region by EIT, and a narrow CMactually suggest that energetic particles propagate onpart
or white-light jet in the overlying corona by LASCO C2 (se®f these flux tubes. Usinbllysses measurements, Buttigtfer
the daily movies). But only AR 8963 produced metric type 11{1998) showed that type Il emitting electron beams propaga
bursts, and is therefore identified as the origin of the SER. Ain flux tubes with a typical size of some 4@ms near 1 AU.
attempt to identify the parent active region using the SE#ase This corresponds to a heliocentric width of abouaPthe source
timing and the activity viewed by an imager of thermal codonaurface, which is much smaller than the longitude range f th
emission would have been inconclusive or might have leddo thpen coronal flux tubes inferred from the PFSS computations
identification of the wrong active region, which happeneti¢o in the present study. Similarly, Mazur et al. (2000) coneld
closer to the nominal connection longitude than the typpridk  that MeV ions propagate in flux tubes with a diameter of about
ducing active region. On 2002 Oct 20 several #res could be 5x 10° km at 1 AU, essentially the same as Buttiffleo’s value
associated with the SEP release. But the type 11l emissiowsh for the electron propagation channels. Given hat the fluedub

3.1. Localisation of metre wave radio sources by imaging
observations

3.3. Coronal SEP transport in open magnetic flux tubes

3.2. The identification of open magnetic flux tubes guiding
SEP
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may expand by a factor 10-20 between the low corona and tRe The open flux tubes diverge rapidly with height, from a few
source surface (cf. Fig. 1), these values suggest thatdhess degrees in longitude at the photospheric level to sevemnal te
sections in the low corona may be as small as (1000-2000) km. of degrees at the source surface.

The rapid lateral transport of SEP along the coronal magnet8. These flux tubes connect the parent active region to the
field does not exclude other forms of particle propagationss Parker spiral at the source surface even when the active re-
the average magnetic field. But field line meandering and dif- gion is as far as 50away from the nominal connection lon-
fusive cross-field transport will act on longer time scalesg-, gitude.
several hours for relativistic electrons, as discussedibb#frenz 4. The magnetic field polarity of the open field lines in the
& Cane (2006). Our selection was restricted to events wheret PFSS extrapolation correlates with the streaming diractio

initial solar release of energetic particles was accongshbly of the escaping energetic electrons.

type Il emission. It excludes events where slow mechanisins 5. In two cases where the inferred coronal flux tubes connect
cross-field particle transport would become discerniblg.tBe to the source surface at high heliolatitudes, there is exide
results of the present study show that cross-field transparit that the interplanetary magnetic field lines bend down to the
required for explaining the magnetic connection to solarses ecliptic before reaching 1 AU.

far from the nominal Parker spiral - the quasi-static colameg-

netic field clearly can achieve transport over several téugo Acknowledgements. Research witWind3DP is funded by NASA grant NAGS-
grees in Iongitude 6928 at Berkeley. The Nangay Radio Observatory is fundedheyFrench

Ministry of Education, the CNRS and the Région Centre. Bathis research
was supported by thierance Berkeley Fund. This work benefitted from the data
. of MDI and CELIASMTOF aboard SoHO, a project of international cooperation
3.4. Open magnetic flux tubes and coronal holes between ESA and NASA, and from the SWE experiment abdéind. Extensive

. . . use was made of the PFSS code developed by C.J. Schrijver dandERosa
The presentresults are also a further illustration of fdssiolar  at Lockheed Martin Solar and Astrophysics Lab and availablger Solar Soft.
wind sources in active regions. Neugebauer et al. (2002)douM.L. DeRosa is acknowledged for his most helpful assistafite authors are
that active regions and coronal holes are the principalcsota- grateful to the generous data supply from the radio speeipbg in Potsdam (H.

: : : s Aurass), Athens (A. Hilaris), Moscow (I. Chertok), and Nap€A. Lecacheux).
gions of solar wind around the maximum of solar activity. \ya e acknowledge numerous discussions with S. Hoang and wish Hudson

& Sheeley (2003) then showed, using PFSS calculationstitbat yno also drew our attention to the PFSS routineSdtarSoft, and very helpful
solar wind from active regions comes from highly conceetlat comments by the referee.

magnetic flux in the low corona which rapidly expands at great

altitude (see also Schrijver & DeRosa 2003). The type IlIstar
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