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ABSTRACT

Using magnetograph measurements, coronal field extrapolations, and imaging observations, we investigate the
solar origins of 25 3He-rich particle events from the period 1997—2003. In essentially every case we find that the
source of the impulsive solar energetic particles (SEPs) lies next to a coronal hole containing Earth-directed open field
lines. Averaged over all events, the source-hole separation is only ~4° at the photosphere. The source itself is
typically a small, flaring active region located between longitudes ~W25 and ~W72. Around the estimated particle
injection time, EUV images often show a jetlike ejection aligned with the open field lines. In some cases, a corre-
sponding white-light jet is seen at heliocentric distances 22 R, similar to those studied earlier by Wang & Sheeley.
The jets show a tendency to recur, a behavior that is reflected in the time variation of the measured *He and Fe particle
intensities. We interpret the jets as signatures of magnetic reconnection (““footpoint exchange”) between closed and
open field lines. On the basis of these findings, we expect *He enrichments to be observed whenever Earth-connected
open field lines undergo footpoint exchanges with nearby active or ephemeral region fields. Because small bipoles
emerge continually inside coronal holes, moderate enhancements in the *He level can occur even when no significant
flaring activity is recorded.

Subject headings: Sun: abundances — Sun: corona — Sun: coronal mass ejections (CMEs) — Sun: flares —

Sun: magnetic fields — Sun: particle emission

1. INTRODUCTION

Solar energetic particle (SEP) events are conventionally di-
vided into two classes: “gradual” and “impulsive” (for a review
of their respective properties, see Reames 1999). Briefly, gradual
events are long-lasting, intense, and more closely correlated with
coronal mass ejections (CMEs) than with impulsive flares; the
bulk of the particle acceleration is thought to occur continuously
in the coronal/interplanetary shock waves driven by a large, fast
CME. In contrast, impulsive SEP events are smaller and less
intense, last less than ~1 day, and appear to originate directly
from flaring active regions rather than in CME-driven shocks.
Moreover, they are characterized by huge *He/*He ratios (typi-
cally a factor of 10° greater than coronal values), by factor of
~10 enhancements in heavy ions such as Ne and Fe, by high
ionization states consistent with source region temperatures of
~107 K, and by a dominance of electrons over protons, with the
timing of the electron beams being correlated with observations
of metric and kilometric type Il radio bursts. Whereas the source
longitudes of gradual events are distributed almost uniformly
over the Sun’s disk, impulsive SEPs are focused into a relatively
narrow ($30°) cone and are detectable only when a direct mag-
netic connection exists to the flare site, which generally requires
the latter to be located in the western hemisphere.

Until recently, it was believed that impulsive SEP events do not
have associated CMEs. However, Kahler et al. (2001) showed
that the injection time of an impulsive SEP event on 2000 May 1
(as deduced from the difference in arrival times between the ~2
and ~20 MeV protons) coincided approximately with the emer-
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gence of a fast (~1000 km s~ '), narrow (<20°) white-light CME
above the Sun’s northwest limb. They identified a number of
other candidate associations and suggested that the CMEs that
correspond to impulsive SEP events are relatively narrow and faint.
However, a somewhat puzzling aspect of the 2000 May 1 event
(not commented on by the authors) was that the associated CME
was directed as much as ~40° out of the ecliptic plane.

In a related development, Kundu et al. (1994, 1995) and
Raulin et al. (1996) found a number of cases in which metric
type III bursts observed with the Nangay Radioheliograph co-
incided spatially and temporally with Yohkoh soft X-ray jets. In
turn, hot plasma ejections (including both “plasmoids” and jets)
with velocities in the range 50400 km s~! are a characteristic
feature of impulsive X-ray flares and are interpreted as resulting
from field-line reconnection (Shibata et al. 1995). Since type III
bursts are produced by electrons streaming along field lines
connected to interplanetary space, these observations suggest
that impulsive SEPs may be associated with jetlike ejections that
escape from flaring active or ephemeral regions along open field
lines (see Kundu et al. 1994; Kahler et al. 2001; Reames 2002).

In a companion paper, Pick et al. (2005) describe five *He-rich
events for which corresponding Nangay Radioheliograph ob-
servations are available, allowing a reliable determination of the
source location. The events (three of which are also discussed in
Klein & Posner 2005) were found to be accompanied by fast,
narrow, and relatively faint CMEs, which were detected using
the Large Angle and Spectrometric Coronagraph (LASCO) on
the Solar and Heliospheric Observatory (SOHO). Some of these
ejections bore a striking resemblance to the white-light jets
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TABLE 1
25 ImpuLsive SEP EVenTs
EIT Event® LASCO CME*
Date Ha Frare® Location (UT) Type Location (UT) Type PA. (UT) 3He/ *He®  Fe/O®  REFERENCE

1997 Nov 24............... N21°W63° (12:53) 2195 flare/ejection  N21°W63° (13:17) Jet 281° (13:37) ~0.1 ~1 1,6
1998 Aug 18.17.......... N20°W56° (04:13) 6.2 1.19 2
1998 Sep 9.17.....c.c..... S22°W60° (00:10) 0.21 1.76 2,3
1999 Mar 21.17 .......... N25°W26° (04:03) A195 flare/jet N19°W27° (04:36) ? ? 1.67 222 3
1999 Jun 18.33 ........... ? 2195 flare/jet N24°W56° (05:17) 0.115 1.20 3
1999 Jul 3.70 ...... ? 2195 flare/jet S14°W56° (16:48) ? ? 0.25 0.72 2
1999 Aug 7.76.... N18°W40° (17:28) A195 flare/jets N19°W43° (18:00) ? ? 0.81 1.49 2,3
1999 Sep 19.61........... N20°W70° (14:35) 0.02 0.17 2
1999 Sep 30.22........... ? 2304 flare/surge N19°W60° (04:06) . 0.87 1.06 2
1999 Oct 22.75........... ? A195 flare/jets NO09°W72° (16:48) ? ? 0.06 0.44 3
2000 Jan 6.20.............. ? 195 flare/ejection  N15°W52° (02:36) ? ? 33.4 1.06 2
2000 Jan 17.13............ S18°W46° (04:57) 4195 flare S17°W43° (04:52) ? ? 15.9 0.64 2
2000 Jan 18.50 ? A195 flare/jets S14°W63° (11:24) ? ? 0.09 0.55 3
2000 Mar 7 ..... S12°W71° (12:31) 2195 flare S15°W69° (12:36)  Narrow  262° (12:54) 0.35 2.69 1,6
2000 May 1.42 . ? A195 flare N20°W49° (10:24)  Narrow  307° (10:54) 0.06 222 1,23,
2000 Jun 4 .....cocveee ? 2195 flare/ejection  SO07°W61° (07:13)  Narrow  292° (07:54) 0.31 1.49 1,6
2000 Aug 22.......ccoeee ? 2195 flare/jet N22°W40° (00:24) Wide 301° (00:30) ~1 ~1 1,6
2000 Sep 27.17........... N18°W56° (03:10) 2195 flare/jet N16°W54° (03:12)  Narrow  323° (03:26) 0.08 0.66 3
2000 Dec 28.00 .......... N12°W38° (02:08) 2195 flare/jet NI12°W37° (02:12) ? ? 0.16 1.62 3
2002 Aug 19... S11°W27° (10:34) A195 flare/ejection  S11°W27° (10:36) Wide 225° (11:06) 0.05 0.60 6
2002 Oct 5.51. NO09°W64° (11:52) A195 flare/jet N09°W65° (12:12) Jet 271° (12:30) 0.63 1.77 4,5
2002 Oct 20.... . S14°W53° (05:29) 2195 flare/jet S13°W52° (05:36) Jet 241° (05:54) 0.17 0.85 6
2002 Dec 12.53 .......... ? 2195 flare/jet N14°W35° (12:48) Jet 290° (13:31) 0.48 1.84 4,5
2003 Mar 2.60 ............ ? 2195 flare/jet S15°W25° (14:24) Jet 252° (15:06) 0.65 0.87 5
2003 Mar 17.43 .......... S16°W33° (10:14) A195 flare S17°W35° (10:14) Jet 254° (11:06) 0.18 0.56 5

? From Solar-Geophysical Data (http://www.ngdc.noaa.gov/stp).

® The SOHO EIT instrument (Delaboudiniere et al. 1995) records full-disk images in Fe ix 41171, Fe xu 2195, Fe xv 1284, and He 1 1304; however, observations
at 12 minute cadence are made routinely only in Fe xu 4195, whose emission peaks at a temperature of ~1.6 x 10° K.

¢ White-light ejections associated with the flare event were identified in running-difference movies made from LASCO C2 images, whose field of view extends
from ~2 to ~6 R from Sun center. For a description of the SOHO LASCO coronagraph, see Brueckner et al. (1995).

9 The *He/*He and Fe/O ratios were measured with ACE ULEIS at energies of ~0.386 MeV nucleon~! (Mason et al. events) or ~0.5 MeV nucleon™! (all other events). In
the case of the 1997 November 24 and 2000 August 22 events, no clear ion injection signature was observed, but *He/*He and Fe/O were high throughout the day.

Rererences.—(1) Kahler et al. 2001; (2) Mason et al. 2000; (3) Mason et al. 2002; (4) Klein & Posner 2005; (5) Pick et al. 2005; (6) this work.

studied earlier by Wang & Sheeley (2002), whose main charac-
teristics may be summarized as follows: (1) they originate in ac-
tive regions or bright points located inside or near the boundaries
of coronal holes; (2) they often have counterpart jets in the flaring
source region, which are visible in images recorded with the
SOHO Extreme-Ultraviolet Imaging Telescope (EIT); (3) they
travel almost ballistically at speeds ranging from ~400 to over
1000 km s~'; (4) they often consist of a succession of sub-ejections;
(5) they show a tendency to recur, with the same active-region—
coronal-hole system emitting a series of jets over a period of up to
several days; and (6) they are most likely triggered by reconnec-
tion (footpoint exchange) between the closed active-region loops
and the overlying open field lines of the coronal hole.

This paper focuses on the relationship between *He-rich par-
ticle events, open magnetic flux, and coronal jets. Drawing mainly
from the lists of Pick et al. (2005), Kahler et al. (2001), and Mason
etal. (2000, 2002), we select 25 events whose sources on the solar
surface can be located with reasonable certainty (§ 2). We then
determine the magnetic field-line topology in the vicinity of each
source region by applying a potential-field source-surface (PFSS)
extrapolation to magnetograph measurements of the photospheric
field (§ 3). After comparing the derived distributions of open flux
with He 1 4110830 observations of coronal holes (§ 4), we use EIT,
LASCO, and Michelson Doppler Imager (MDI) data to further
characterize the nature of the source regions and of their coronal
ejecta (§ 5). In § 6 we examine the relationship between recurrent

jets and the *He intensities at Earth. Our results are summarized
and discussed in § 7.

2. EVENT SELECTION

For this study, we have compiled a list of *He-rich events that
occurred during 1997-2003 and whose source regions we have
been able to identify. These impulsive SEP events include the
bulk of those described in Mason et al. (2000, 2002) and Pick
et al. (2005), as well as those whose CME counterparts are dis-
played in Figures 3 and 5 of Kahler et al. (2001). The source re-
gion of any given event was considered to be reasonably well
determined if an Ha flare or a SOHO EIT event (flare or ejection)
was observed within a few hours of the estimated particle in-
jection time and occurred within the longitude range between
~W20 and ~W90. The injection times were derived from the
inverse relationship between the particle velocities and their ar-
rival times, on the assumption of scatter-free propagation (see
Mason et al. 2002). In addition, in the case of the Pick et al.
(2005) events, injection times deduced for the accompanying en-
ergetic (~10—100 keV) electrons were used to identify the as-
sociated metric type I1I bursts in Nan¢ay Radioheliograph images
(see also Maia & Pick 2004; Reames et al. 1985).

Table 1 lists the 25 impulsive SEP events selected for this
study. The first column gives the date of each event; a decimal
date indicates in addition the particle injection time as estimated
by Mason et al. (2000, 2002) or Pick et al. (2005). The second
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column gives the position and time of the corresponding Ho
flare; a question mark means that no event in the appropriate time
and longitude window was recorded in the Solar-Geophysical
Data prompt reports. The next two columns provide a brief de-
scription (nature, location, and time) of the EIT event, with el-
lipses signifying that no data were available. The fifth column
characterizes the corresponding white-light ejection (if observed)
as a simple linear “jet,” a more complexly structured “‘narrow
CME,” or a “wide CME” with an angular extent in excess of
~30°; the sixth column specifies the average position angle (P.A.,
measured counterclockwise from the north pole) of the CME and
the time when it first appears in the ~2—6 R LASCO C2 field of
view. (Here a question mark means that no ejection could be seen
above the west limb within ~1 hr of the Hoy or EIT event, while
ellipses indicate that the coronagraph was not in operation. LASCO
C2 images are normally recorded at a rate of 3 per hour.) The
seventh and eighth columns give the *He/*He and Fe/O ratios mea-
sured with the Ultra Low Energy Isotope Spectrometer (ULEIS) on
the Advanced Composition Explorer (ACE; see Mason et al. 2000,
2002).

An analysis of related radio observations is presented in Pick
etal. (2005). Here we remark only that every event in Table 1 for
which the particle injection occurred during the observing time
of the Nancay Radioheliograph was accompanied by metric
type III emission. These events include those of November 24,
September 19, January 18, March 7, May 1, August 19, October 5,
December 12, March 2, and March 17.

3. MAGNETIC FIELD-LINE CONFIGURATIONS

We now derive the magnetic topology of the source region
associated with each *He-rich event listed in Table 1. For this
purpose, we apply a PFSS extrapolation to photospheric field
measurements taken during the 27.3 day Carrington rotation
(CR) in which the event occurred. Let » denote heliocentric
distance, L heliographic latitude, and ¢ Carrington longitude
(measured westward in the direction of the Sun’s rotation). In the
PFSS model, the coronal field B(r, L, ¢)isassumed to obey the
current-free condition VxB = 0 out to a spherical “source
surface” r = Ry, where the magnetohydrodynamical effect of
the solar wind outflow is simulated by setting the nonradial field
components to zero (Schatten et al. 1969). At the inner boundary
r = Rs, B, is matched to the observed distribution of photo-
spheric flux Bpho(L, ¢), corrected for line-of-sight projection by
assuming that the field is radially oriented at the depth where it is
measured (see Wang & Sheeley 1992). All field lines that extend
from the photosphere to the source surface are defined to be
“open.” We henceforth set Ris = 2.5 R, a value that reproduces
the global configuration of He 1 A10830 coronal holes throughout
the solar cycle (see Wang et al. 1996, Fig. 2).

For the photospheric field, we employ Carrington synoptic
maps from the National Solar Observatory (NSO) at Kitt Peak or
from the Mount Wilson Observatory (MWQO). The MWO mag-
netograph data were corrected for the saturation of the Fe 1 15250
line profile, as described in Wang & Sheeley (1995) and Ulrich
et al. (2002). (The NSO measurements do not require this cor-
rection as they were made in the magnetically less sensitive
Fe 18688 line.) Because they were constructed from observations
taken around the time of central meridian passage, the synoptic
maps do not capture any magnetic flux that may have emerged
subsequently as the source region approached the west limb.

To determine the field-line configuration associated with each
event, we trace outward along the magnetic field from an area of
the photosphere centered about the source. In addition, we wish
to identify the coronal field line that is connected to Earth,
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wherever its footpoint may lie. This open field line intersects the
source surface at the point (R, Lg, ¢r), where Lg = By is the he-
liographic latitude of Earth and the longitude ¢ is such that

e — R o (450 km s~!
¢E—¢CM~QCM(E “)~so <4) (1)

Uy Uy

where ¢cv is the central meridian longitude, Qcar =~
(360°/27.3 day) is the Carrington rotation rate, rg = 1 AU, and
vy, 1s the solar wind speed. The footpoint of the Earth-directed
field line is thus located by tracing downward from (R, Lg, ¢k)
to the photosphere. In practice, to allow for variations in v,, and
for the presence of nonradial motions that act to isotropize the
flux distribution beyond » ~ 2.5 R, we trace a wider bundle of
field lines that intersect the source surface over the longitude
range W35-W65 and over the latitude band By — 20° < L <
By +20°.

It should be emphasized that our magnetic model does not
describe the departures from a current-free state that may have
led to the eruption, nor does it describe the changes in the field-
line configuration that may occur during the eruption. In par-
ticular, the open field lines that we derive represent preexisting
ones and are not created during the event.

Figures 1-4 display the computed field-line configurations for
24 of the events in Table 1 (the magnetic topology of the 2002
October 5 event is shown in § 5). In each “hairy ball” plot, the
source region is marked by a yellow dot, closed loops are coded
red, open field lines are green or (if directed into the ecliptic)
blue, and the black arrow indicates the position angle of the CME
(if present). Black, dark gray, light gray, and white shadings rep-
resent areas of the solar surface where Bppot < —10G, —10G <
Bphot < 0,0 < Bphot < +10G, and Bphot > 410 G, respectively.
Note that both the green and the blue field lines are directed more
or less toward Earth, since we show only the open flux (or a subset
thereof) that crosses the source surface in the longitude range
W35-W65 and at latitudes less than 20° from the ecliptic plane.

From the figures, we see that each impulsive SEP event
originates near an open field region, which in turn is the source of
interplanetary field lines that are headed in the general direction
of Earth. Averaged over all of our events, the angular separation
between the location of the flare/ejection and the open field re-
gion is only ~4°; in some cases, the flaring region is entirely sur-
rounded by open flux. In the events of 1998 September 9 (Fig. 1¢)
and 1999 August 7 (Fig. 2a), the separation between the flare and
the nearest footpoint area of open flux is as much as ~10°; how-
ever, as they fan outward and bend toward Earth, the open field
lines sweep directly over the source region in both cases. The
mean source-hole separation of 4° is close to the spatial resolution
of the photospheric field maps employed in our PFSS extrap-
olations; it is also comparable to the error inherent in the neglect
of current sheets and other MHD effects (for a comparison be-
tween the open field regions derived using different coronal mod-
els, see Table I of Sheeley et al. 1989 and Plate 1 of Neugebauer
et al. 1998).

As noted above, we have plotted a range of open field lines for
each event because the PFSS model does not correctly describe
the angular distribution of flux far from the Sun, so that there is
some uncertainty in determining which field lines are connected
to Earth. In the idealized case in which the photospheric field can
be represented by an axisymmetric dipole, a PFSS extrapolation
would yield B, « sin L for the flux distribution at » > Rg. In
fact, however, the heliospheric current sheet located beyond
r ~ 2.5 R, (omitted from the model) will redistribute the flux so



(a) 1997 NOVEMBER 24 (b) 1998 AUGUST 18

(c) 1998 SEPTEMBER 9 (d) 1999 MARCH 21

T

1999 JULY 3

(e) 1999 JUNE 18 ()

Fic. 1.—Magnetic field-line configurations for six impulsive SEP events from the period 1997—1999. The coronal field associated with each event was derived by
applying a PFSS extrapolation to magnetograph measurements, in the form of an NSO or MWO photospheric field map for the relevant CR. The location of the flaring
active region (as given in Table 1) is marked by a yellow dot. Open field lines are coded blue if directed into the ecliptic plane and green otherwise; in either case, only
those field lines that intersect the source surface at longitudes between W35 and W65 and at latitudes less than 20° from the ecliptic are plotted. Closed field lines are
coded red. Black, dark gray, light gray, and white shadings denote areas of the solar surface where B, < —10G, —10G < B, < 0,0 < B, < +10G, and B, > +10G,
respectively. If the event had an associated white-light CME, a black arrow indicates its average, sky-plane projected direction. (@) 1997 November 24 (MWO,
CR 1929). (b) 1998 August 18 (NSO, CR 1939). (c) 1998 September 9 (NSO, CR 1940). (d) 1999 March 21 (NSO, CR 1947). (e) 1999 June 18 (MWO, CR 1950).

(f) 1999 July 3 (MWO, CR 1951).
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(a) 1999 AUGUST 7 (b) 1999 SEPTEMBER 19

(c) 1999 SEPTEMBER 30 (d) 1999 OCTOBER 22

(e) 2000 JANUARY 6 (f) 2000 JANUARY 17

Fic. 2.—Field-line configurations for six impulsive SEP events from the period 1999-2000 (coded as in Fig. 1). (a) 1999 August 7 (NSO, CR 1952). (b) 1999
September 19 (NSO, CR 1954). (¢) 1999 September 30 (NSO, 1954). (d) 1999 October 22 (NSO, CR 1955). (¢) 2000 January 6 (NSO, CR 1958). (/) 2000 January 17
(NSO, CR 1958).

499



500 WANG, PICK, & MASON

(a) 2000 JANUARY 18 (b) 2000 MARCH 7

(c) 2000 MAY 1 (d) 2000 JUNE 4

(e) 2000 AUGUST 22 (f) 2000 SEPTEMBER 27

Fic. 3.—Field-line configurations for six impulsive SEP events during 2000 (coded as in Fig. 1). (a) 2000 January 18 (NSO, CR 1958). () 2000 March 7 (NSO,
CR 1960). (¢) 2000 May 1 (NSO, CR 1962). (d) 2000 June 4 (NSO, CR 1963). (e) 2000 August 22 (NSO, CR 1966). (/) 2000 September 27 (MWO, CR 1967).

that it becomes independent of latitude far from the Sun, as ob- In most of the impulsive SEP events for which there appears to
served by Ulysses (Balogh et al. 1995; Smith et al. 2001). Thus, be an associated white-light ejection, the direction of the CME
from flux conservation, a dipole field line that intersects the source (indicated by the black arrow) is well away from the ecliptic

surface at L = 20° would in reality continue to bend equatorward plane. In the 2000 May 1 event, even the flank of the CME re-
beyond r ~ 2.5 R, reaching an asymptotic latitude of only 67. mains above a sky-plane projected latitude of ~25°. It is evident



(a) 2000 DECEMBER 28 (b) 2002 AUGUST 19 ¥

(c) 2002 OCTOBER 20 (d) 2002 DECEMBER 12

(e) 2003 MARCH 2 (f) 2003 MARCH 17

Fic. 4—Field-line configurations for six impulsive SEP events from the period 2000-2003 (coded as in Fig. 1). () 2000 December 28 (MWO, CR 1971). (b) 2002
August 19 (NSO, CR 1993). (¢) 2002 October 20 (NSO, CR 1995). (d) 2002 December 12 (NSO, CR 1997). (e) 2003 March 2 (NSO, CR 2000). ( /) 2003 March 17
(MWO, CR 2000).
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Fic. 5.—Source regions of five impulsive SEP events, as seen in He 1 410830
(left column) and in the corresponding Fe 1 18688 magnetograms (right col-
umn). Each image represents a 90 x 90 pixel” section from a 360 x 180 NSO
Kitt Peak synoptic map. The location of the flaring active region is circled, while
an arrow points to the nearby coronal hole. In general, active regions (coronal
holes) appear as black (white) areas in He 1 2110830; strong negative-polarity
(positive-polarity) fields are black (white) in the magnetograms. First row: 1997
November 24. Second row: 1998 August 18. Third row: 1998 September 9.
Fourth row: 1999 March 21. Fifth row: 1999 June 18.

that the impulsive particles cannot in general originate in the
CME itself (see also Pick et al. 2005).

4. RELATION TO CORONAL HOLES

The open field regions derived from the photospheric syn-
optic maps by the PFSS method are stable structures that existed
well before the particle events. Previous studies have demon-
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Fic. 6.—Source regions of six impulsive SEP events (for description, see
Fig. 5 legend). First row: 1999 September 19. Second row: 1999 September 30.
Third row: 2000 January 6. Fourth row: 2000 January 17 and 18. Fifth row:
2000 May 1.

strated that such structures generally coincide with coronal
holes, which are observed as an absence of emission in soft
X-ray and EUV images and as light areas in He 1 2110830 spectro-
heliograms (see, e.g., Levine et al. 1977; Wang et al. 1996;
Neugebauer et al. 1998; Luhmann et al. 2002; Schrijver &
DeRosa 2003).

An inspection of He 1 110830 data from NSO Kitt Peak shows
that, in virtually every case, a coronal hole is present near the
source of each particle event, in agreement with the PFSS extrap-
olations of § 3. In Figures 57, we display both the He 1 210830
observations (leff) and the Fe 1 18688 photospheric field data (right)
for 16 of our events. Here each image represents a 90 x 90 pixel?
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Fic. 7.—Source regions of five impulsive SEP events (for description, see
Fig. 5 legend). First row: 2000 August 22. Second row: 2000 September 27.
Third row: 2002 October 20. Fourth row: 2002 December 12. Fifth row: 2003
March 17.

section extracted from a 360 x 180 pixel> NSO synoptic map
and centered on the source position (as given in Table 1). The
source (circled) is generally an active region, which appears as a
black area in He 1 A10830; the location of the nearby coronal
hole (whitish area) is indicated by an arrow. In some cases, the
He 1 210830 coronal hole is “weak,” in the sense that it shows
only a slight contrast with the surrounding quiet network; how-
ever, the PFSS extrapolations confirm that these regions are in-
deed magnetically open. From the Fe 1 A8688 magnetograms, we
see that the holes lie within areas dominated by a single polarity,
whereas the events themselves originate from regions where strong
fields of opposite polarity are in close contact.
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Fic. 8.—EUYV jets associated with the impulsive SEP events of ( from top to
bottom) 1999 March 21, 1999 July 3, 1999 October 22, 2000 January 6, and
2000 January 18. Each panel shows the difference between two SOHO EIT
Fe xu A195 images taken 12 minutes apart; regions whose emission has in-
creased (decreased) over this time interval appear white (black). Comparison
with the corresponding field-line plots (Figs. 1d, 1f, 2d, 2e, and 3a) suggests
that, in every case, the direction of the EIT jet coincides with that of the open
field lines rooted near the source region.

That coronal holes are often found alongside active regions is
not surprising, given that large magnetic bipoles act as sources of
open flux. As the active region fields spread and decay due to
supergranular convection, differential rotation, and meridional
flow, unipolar regions are created containing embedded open
flux/coronal holes. Indeed, the emergence of a large active region
is generally accompanied by the appearance of open flux (field
lines that extend beyond » ~ 2.5 R) at its periphery. The for-
mation of coronal holes and polar hole extensions from bipolar
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Fic. 9.—EUV flares and/or jets associated with the impulsive SEP events of
(from top to bottom) 2000 May 1, 2000 August 22, 2000 September 27, 2000
December 28, and 2003 March 2. Again, the ejections appear to be aligned with
the open field lines shown in Figs. 3¢, 3e, 3f, 44, and 4e.

magnetic regions is simulated in Wang & Sheeley (1990b, 2004)
and Wang et al. (2000).

5. NATURE OF THE EJECTIONS

As indicated in Table 1, we have identified SOHO EIT coun-
terparts for 22 of our impulsive SEP events. Ten of the EUV
events are displayed in Figures 8 and 9. In each case, we show
the difference between an Fe xu 1195 image taken during the
eruption and one taken (typically) 12 minutes earlier. It is ap-
parent that the EUV flare is often accompanied by a collimated
ejection or jet. A comparison with the field-line plots in Figures 1—
4 shows that the jets are aligned along the open field lines as-
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Fic. 10.—Difference images showing two “homologous” LASCO/EIT jet
events on 2002 October 5. The Fe xu 4195 jets are at left, while their white-light
counterparts beyond » ~ 2 R, are at right. Note the change in direction of the jets
as they propagate from the solar surface to the outer corona (see also Fig. 11). The
second eruption is associated with the impulsive SEP event listed in Table 1.

sociated with each source region. Thus, in the event of 2000
December 28, where the material appears to be ejected toward
high latitudes (fourth panel of Fig. 9), the open field lines in Fig-
ure 4a are directed poleward near the solar surface but subsequently
bend toward the ecliptic. The region identified as the probable
source of the 2000 January 18 particle event (bottom panel of
Fig. 8) emitted small jets throughout most of the day, all of
them pointing westward in the direction of the open field lines
(see Fig. 3a). In those cases (such as the event of 2000 May 1,
shown in the top panel of Fig. 9) in which only an amorphous
flare brightening was seen, the jet may have been missed because
of the low time cadence of the EIT observations.

As suggested by the fifth column of Table 1, we are unable
to associate any single type of white-light CME with our im-
pulsive SEP events. In eight cases, no well-defined ejection was
seen to emerge into the ~2—6 R, LASCO C2 field of view
above the source region within ~1 hr of the EIT or Ha event. In
the remaining cases for which LASCO data were available, the
CME was either a linear jet, a more complexly structured narrow

Fic. 11.—Field-line configuration for the source of the 2002 October 5 particle
event, derived by extrapolating NSO magnetograph measurements for CR 1994
(for description, see Fig. 1 legend). The open field lines point southward near the
solar surface but bend northward at greater heights, thus accounting for the
differing orientations of the EIT and LASCO C2 jets in Fig. 10.
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Fic. 12.—Difference images showing two homologous LASCO/EIT events
on 2002 December 12. The second eruption is that associated with the impulsive
SEP event listed in Table 1. The wishbone shape of the EUV brightening in the
top left panel (see also the corresponding panel of Fig. 10) is suggestive of
X-point reconnection between closed and open field lines.

CME of angular extent <30°, or a wide CME. Most of the ejec-
tions were narrow and fast (~500—1000 km s~!), with some show-
ing a tendency to decelerate with heliocentric distance.

The CME associations are especially unambiguous in those
cases in which the EUV ejection and its white-light counterpart
recur in a homologous way. As an example, Figure 10 (left
column) shows two EUV jets that were emitted by the same
active region near the west limb on 2002 October 5. The second,
brighter ejection occurred 4 hr after the first and is associated
with the impulsive SEP event listed in Table 1. (In fact, multiple
jetlike expulsions were observed during the later flaring episode,
which began at ~11:48 UT and lasted until ~12:36 UT;, the EIT
image at 12:24 UT illustrates the tail end of the jetting activity.)
The corresponding LASCO C2 ejections, recorded above the
source region about half an hour after each EIT event, are dis-
played in the right column of Figure 10. Like their respective
Fe xu 2195 counterparts, the first white-light jet is faint and nar-
row (angular extent <3°), whereas the second is much brighter
and wider (angular extent ~9°) and also has a higher velocity (in
excess of 750 km s~!). Especially noteworthy is the difference
between the orientations of the EUV jets and their white-light
extensions: the former are directed southward, whereas the latter
point slightly northward. This change in direction can be under-
stood from the magnetic topology of the source region, displayed
in Figure 11. We see that the open field lines rooted next to the
flaring region are inclined toward the equator near the solar sur-
face but bend northward at greater heights. A sharp change in the
direction of the field is also suggested by the dark depletion trail
visible above the bright EUV eruption in the bottom left panel of
Figure 10.

Figure 12 shows another pair of homologous eruptions that
occurred 12 hr apart on 2002 December 12; again, the second,
brighter event is that listed in Table 1. The EUV brightening
observed at 00:48 UT has the characteristic ““wishbone” shape
that is also seen in the first event of 2002 October 5 (top left panel
of Fig. 10). This structure (which outlines the separatrix between
the different flux systems) is strongly suggestive of reconnection
between closed and open field lines at an X-type neutral point
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Fic. 13.—Sequence of MDI Ni 1 16768 magnetograms, showing the emer-
gence of positive-polarity flux within a large negative-polarity area during the
day preceding the LASCO/EIT ejections of 2002 December 12. The eruptions
were centered around the newly emerged bipole. Gray scale for the line-of-sight
photospheric field ranges from Bj,s < —20 G (black) to Bios > 420 G (white).

(see Fig. 5 in Shibata et al. 1992 or Fig. 6b in Wang & Sheeley
2003).

It should be emphasized that most of the counterpart CMEs
identified in Table 1 are not directed toward the ecliptic plane
(the white-light jet of 2002 October 5, shown in the bottom right
panel of Fig. 10, is exceptional in this respect). By implication,
the impulsive particles observed at Earth generally do not fol-
low the same trajectory as the bulk of the CME material. We also
note that, while linear structures such as those seen in the right
panels of Figure 10 can reasonably be interpreted as propagating
along preexisting open field lines, those CMEs that we have clas-
sified as nonjetlike in Table 1 contain looplike structures and/or
filament material and appear to be in the process of creating open
flux (some of these CMEs are displayed in Figs. 3 and 5 of Kahler
et al. 2001). By definition, the loops that participate in this erup-
tion cannot coincide with the coronal-hole field lines along which
the SEPs escape, which are located at the periphery of the CME.

As found in earlier studies (Wang et al. 1998; Wang & Sheeley
2002), Fe xu 4195 jets are commonly observed when magnetic
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Fi6. 14.—Ion intensities in the 0.32—0.45 MeV nucleon™! range measured by
ACE ULEIS during 2002 December 11—13; units are particles per (cm? s st MeV
nucleon™"). Solid curve: *He. Dotted curve: Fe. The two peaks correspond to the
two LASCOY/EIT events displayed in Fig. 12; vertical bars mark the approximate
times of the EUV eruptions.

bipoles (in the form of active or ephemeral regions) emerge in-
side or near coronal holes, which in turn are embedded inside larger
unipolar regions. In the case of the EIT jets of 2002 December 12
(Fig. 12), the process that led to these eruptions can be clearly seen
in SOHO MDI magnetograms. As shown in Figure 13, positive-
polarity flux begins to emerge within a large negative-polarity area
during the first half of December 11 and continues to do so until
the end of the day. When the EUV jets erupt at this location on
December 12, the new bipole has fully emerged and may already
be undergoing cancellation.

6. RELATION BETWEEN RECURRENT JETS
AND PARTICLE ACTIVITY

As already illustrated in the preceding section (see also Wang
& Sheeley 2002), active-region—coronal-hole systems show a
strong tendency to produce recurrent jets. If these systems are also
the sources of impulsive SEPs, then the recurrent behavior should
be reflected in in situ particle measurements. Indeed, more than
one ion outburst was recorded around the time of the 2002
October 5, October 20, and December 12 events listed in Table 1.

The ACE ULEIS spectrogram of inverse ion velocity for 2002
December 12 (based on all ions from H through Fe) shows two
slanted tracks, which intersect the horizontal time axis at ~01:00
and ~13:30 UT, respectively. These inferred injection times are
roughly consistent with the LASCO/EIT observations of Fig-
ure 12. The imprint of both eruptions is also seen in the time vari-
ation of the 0.32—0.45 MeV nucleon™! Fe and *He intensities
(Fig. 14): there is a steep rise between ~07:30 and ~09:30 UT as
the ions arrive from the first flare, followed by a decline until
~20:00 UT, then a second increase at the end of the day as a
result of the later flare. The ~7 hr lag between each LASCO/EIT
event and the corresponding rise in the ~0.386 MeV nucleon™'
particle intensity would imply a Sun-Earth path length of
~1.46 AU or a wind speed of only ~220 km s~!, assuming
scatter-free propagation along the Parker spiral. For comparison,
the Solar Wind Electron, Proton, and Alpha Monitor (SWEPAM)
on ACE measured an average proton bulk speed of ~370 kms~!
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Fic. 15.—Recurrent LASCO/ EIT jets from a flaring active-region—coronal-
hole system near the southwest limb, 2002 October 19-21. The Fe xu 1195 flares
are shown on the left, the corresponding white-light ejections on the right. The
first eruption on October 20 is that associated with the event listed in Table 1.

on December 12. The discrepancy between the inferred and ob-
served values of v, suggests that the arrival of the *He and Fe
particles may have been delayed somewhat by scattering en route
from the Sun. Scattering in the interplanetary medium also acts to
broaden the peaks in the particle intensities (see Fig. 14).
During 2002 October 19-21, eight successive LASCO C2 jets
were observed above the source region of the October 20 event
listed in Table 1. The brighter white-light jets are shown in
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Fic. 16.—Ion intensities in the 0.32—0.45 MeV nucleon™! range measured
by ACE ULEIS during 2002 October 19-22. Solid curve: *He. Dotted curve:
Fe. Vertical bars mark the times of the EUV flares displayed in the left column of
Fig. 15.
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Fic. 17.—The white-light jets shown in Fig. 10 were just two of 16 such
events recorded by the LASCO C2 coronagraph from the same flaring active-
region—coronal-hole system during 2002 October 3—7. The average sky-plane
speed of the jets was close to 700 km s~

Figure 15, along with the counterpart Fe xu 41195 events involv-
ing a small, flaring active region near the southwest limb. Figure 16
displays the time variation of the *He and Fe intensities recorded by
ACE ULEIS at the L1 point. Here we see three distinct peaks, oc-
curring near the middle of October 20, at the end of that day, and
around ~16:30 UT on October 21. The first peak follows the
LASCO/EIT jet events of ~21:24 UT on October 19 and ~05:36
on October 20, the second and highest peak corresponds to the
eruption of ~14:24 UT on October 20, while the final peak is
evidently associated with the ejections of ~04:24 and ~12:00 UT
on October 21. The *He and Fe particle intensities remain high
through the early part of October 22. That the brightest of the EUV
flares (occurring at 05:36 UT on October 20) produced the smallest
peak in the *He flux suggests that field-line connectivity to the
source (rather than just the size of the flare) plays a major role in
determining the observed enrichment.

The white-light jets of 2002 October 5 (Fig. 10) were just two
of many such ejections observed from the same active region
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Fic. 18.—Ion intensities in the 0.32—0.45 MeV nucleon™' range measured
by ACE ULEIS during 2002 October 47 (compare Fig. 17). Solid curve: *He.
Dotted curve: Fe. The highest peak occurs ~8 hr after the flare/jet event dis-
played in the bottom panels of Fig. 10.

during October 3—7. In Figure 17, we display 16 of these events,
some of which involve multiple jets. Figure 18 shows the time
variation of the He and Fe particle fluxes during this period. The
ion intensities rise steeply early on October 5 as magnetic con-
nection to the source is established, remain high over the next
two days, and then fall during the first half of October 7. The
highest peak, at ~20:30 UT on October 5, corresponds to the
event listed in Table 1 and occurs ~8 hr after the flare/jet eruption
displayed in the bottom panels of Figure 10.

Only arelatively small fraction of the impulsive SEP events in
Table 1 were accompanied by white-light jets, perhaps because
such ejections are generally very faint and can only be detected
when close to the sky plane. In contrast, EUV jets were identified
in the majority of our events, despite the low time cadence of the
EIT observations. Running-difference movies made from Fe xu
A195 images suggest that small flares and jets are commonplace.
As an example, the source region of the 2000 January 18 particle
event and its immediate vicinity continually produced minijets
over an extended period beginning on the previous day; the *He
level remained enhanced throughout this time. More generally, the
fact that flaring EUV bright points are found throughout coronal
holes may explain why enhanced levels of *He and Fe often occur
outside major particle events.

7. SUMMARY AND DISCUSSION

This study has focused on the solar origins of impulsive,
3He-rich SEPs. From our analysis of 25 such events, a number
of clear patterns have emerged concerning the nature of the
source regions, which show remarkably consistent properties.
Our main results may be summarized as follows:

1. From a PFSS extrapolation of the observed photospheric
magnetic field, we find that Earth-directed open field lines are
rooted next to the source of each impulsive event. The average
angular separation between the source location and the open field
region is ~4°. The open flux is preexisting and not created during
the event.

2. The open field region alongside each source generally coin-
cides with a He 1 110830 coronal hole.

3. The source itself is typically a small, flaring active region.
In the 11 cases for which no Ha flare was recorded, EUV images
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from SOHO EIT nevertheless showed a sudden, localized bright-
ening near the predicted particle injection time. All of our sources
were located in the longitude range ~W25-W72 and at latitudes
|L] <24°.

4. In 13 of the 21 cases for which Fe xu 1195 observations
were available, the EUV flare was accompanied by a narrow
ejection aligned in the direction of the open field lines. We
surmise that such jets would have been found for even more of
our particle events had the EIT images been taken at higher
cadence.

5. The white-light ejections associated with our events (if
present) ranged from linear structures representing the outer
coronal extensions of the EIT jets to CMEs with widths much
greater than 30°. The majority of the LASCO counterparts were
narrow and fast (~500—1000 km s~ ).

6. The EUV jets and their white-light counterparts showed a
tendency to recur, with the same active-region—coronal-hole sys-
tem emitting a series of jets over a period of a day or more. The
3He and Fe particle intensities showed corresponding long-lived
enhancements.

Our conclusion that impulsive SEPs originate at the inter-
face between active regions and coronal holes is consistent with
the results of Zwickl et al. (1978), who found that *He-rich
events during the declining phase of solar cycle 20 tended to
occur in the slow solar wind preceding the onset of a high-speed
stream. Slow wind, which is correlated with rapid field-line
divergence at the Sun, originates not only from coronal hole
boundaries but also from the interiors of small coronal holes
(Wang & Sheeley 1990a). Thus, while *He-rich events are indeed
expected to be embedded in the low-speed wind associated with
hole boundaries, they need not be followed by high-speed streams
during solar maximum, when the large polar holes are replaced by
a diverse collection of smaller holes concentrated in the sunspot
latitudes.

The jets can be interpreted as a signature of magnetic recon-
nection between the active region fields and the open flux from
the nearby coronal hole (see Shibata et al. 1992; Raulin et al.
1996; Wang & Sheeley 2002). In this footpoint exchange pro-
cess, plasma is transferred from closed to open field lines and
escapes into the heliosphere in the form of a narrow, collimated
ejection. As argued by Reames (2002), although reconnection
among closed loops might likewise lead to acceleration and frac-
tionation, the resulting energetic particles would remain trapped
and precipitate toward the photosphere.

The observed *He/*He and Fe/O ratios show large variations
from event to event, even when the outbursts originate from the
same active region (see Figs. 14, 16, and 18). This variability
(which shows no simple relationship to the size or brightness
of the EUV flare) suggests that the fractionation process has a
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strong spatial dependence, as is perhaps consistent with the
highly localized nature of field-line reconnection.

The absence of any observable white-light ejection in at least
eight of our events is consistent with previous findings that im-
pulsive SEPs need not be accompanied by the expulsion of sig-
nificant amounts of mass. (In order to be detected with the LASCO
coronagraph, an ejection near the sky plane must have a total mass
210'! g; large CMEs have masses 210'° g.) Even in those cases
in which a CME was identified, the ejection was usually directed
away from the ecliptic, so that the particles arriving at Earth clearly
did not follow the same trajectory as the bulk of the CME material.
This tendency for the 3He-rich events to occur at the periphery
of the CME is hardly surprising, given that footpoint exchanges
between the active region and the coronal hole take place only at
the boundary of the closed field region.

That impulsive SEP events generally involve the expulsion of
at least a small amount of mass is indicated by the existence of
white-light extensions to some of the EUV jets (see also Wang et al.
1998; Wang & Sheeley 2002). The outer coronal jets tend to be very
faint and are detectable only when located close to the sky plane.

In general, we expect impulsive SEPs to be observed when-
ever an open field line connected to the spacecraft undergoes a
footpoint exchange with a nearby bipole. Given that small bipoles
(in the form of ephemeral regions/EUV bright points) emerge con-
tinually inside coronal holes, such footpoint exchanges should
occur frequently. We can thus understand why the *He and Fe in-
tensities often show moderately enhanced levels even when no
significant flaring activity is observed.

In closing, we note that the field-line tracing method used
here provides a simple and effective tool for locating—and even
predicting—the sources of impulsive SEP events at Earth. The
procedure works because the particles follow preexisting open
field lines, which are well represented by the PFSS model. In con-
trast, it is inadequate to assume that the source longitude coincides
with ¢g (the base of the Parker spiral as given by eq. [1]), because
the inner coronal field is highly nonradial and controls the particle
motion below r ~ 2.5 R. Ideally, field-line tracing should be
combined with high-cadence EUV and decimetric/metric radio
imaging to pinpoint the source location; Ha flare records alone are
insufficient for this purpose and may even be misleading.

We are indebted to the EIT, LASCO, MDI, and ULEIS teams
for the use of their spacecraft observations. The NSO Kitt Peak
data were produced cooperatively by NSF/NOAO, NASA /GSFC,
and NOAA/SEC; the MWO photospheric field maps were pro-
vided by R. K. Ulrich. Y.-M. W. thanks M. Pick and R. Grappin for
hosting a 3 month visit to the Observatoire de Paris-Meudon. This
research was supported by NASA and ONR/NRL.
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