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Abstract: The assumption that the first arriving particles in impudssolar energetic particle (SEP)
events travel scatter-free along regular Parker-spiraggmatic field lines from injection at the Sun to
detection at 1 AU has led to the conclusion that the impul§i#Ps are usually injected well after a
flare type Il radio burst is observed at the Sun. If all thebtent scales are taken into account in the
description of the solar wind magnetic fields, however, onddithat the lengths of the field lines, and
therefore the path lengths of the SEPs, are much increastthiyrbulence. Close to 1 AU, the length
of a turbulent field segment is increased on average by aioS@%, with even longer field lines in some
slow SW streams. In impulsive SEP events, noticeable tdefelys of the first arriving particles should
result from this turbulent lengthening of the field linestiwsignificant variations of these travel delays
from one event to another. We argue that the delays of théclgtoccur during their travel to 1 AU,
mostly close to 1 AU, not at their injections at the Sun. R&es with lower energies and smaller gyroradii
may undergo longer trajectories and larger travel delaga tto higher energy particles.

Introduction

An important aspect of solar energetic particles
(SEPSs) is to determine their acceleration and injec-

layed by~ 10 minutes from the type Ill bursts. A

recent comparison [4] of inferred injection times
of 80 E > 30 keV electron events with solar 40-
800 MHz observations found no single kind of so-

tion profiles at the Sun. It has long been assumed lar radio signature, other than the preceding type

that the first observed SEPs of all energies of tran-

Il bursts, to characterize the inferred electron in-

sient events at 1 AU arrive after traversing common jection onset times. Inferred injection times of

spiral field lines over distances ®f2 AU with lit-
tle scattering (e.g., [1]). The SEP onsets show the
velocity dispersions expected from impulsive re-

electrons and ions in gradual SEP event$ AU
[3] are inconsistent among different events and
with the earlieHelios events observed well within

leases at the Sun of particles of all observed ener- 1 AU. Furthermore, the:/v plots have generally
gies. The standard technique to deduce the onsetyielded simultaneous ion and electron injections in

of SEP solar injection times is to plot the times of
the first arriving particles (J) against/v wherev

is the speed of the particles (e.g., [3]). The inter-
cept of the plot at the time axis gives the inferred
solar onset time of injection.

The use ofc/v plots and scatter-free assumption
for first arriving particles has recently produced
puzzling results. Although it had long been ac-
cepted that solaFl > 30keV electrons were in-
jected in type Il radio bursts [7] of the flare im-
pulsive phase, recent observations from &EE
EPAM (e.g., [2]) andMnd 3DP [6] spacecraft de-
tectors have indicated coronal injection onsets de-

impulsive SEP events [3], but delayed relative to
the type Il bursts, contrary to the earlieBEE-3
[15] andHelios [5] observations.

Simulations [8, 16] with various assumptions of
scattering have shown that, although the particle
onset times usually align close to a straight line
as a function ot:/v, the estimated injection times
and path lengths can deviate significantly from ac-
tual values. We review a major effect not consid-
ered in those simulations, that turbulence results in
magnetic field-line wandering to produce field-line
lengths substantially longer thar2 AU [14].
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The SEP path lengths cannot be less than the Iengthog 30 _g
of the field lines resolved at the scale of a few of 8 20 4
their gyroradii, as the particles are forced to fol- Z 10 -6
low the irregularities of the field lines down to Slow SW _ig Slow SW
those scales of a few gyroradii. The gyroradii of 60
SEPs are orders of magnitude shorter thakJ = 50 15
and, thus, to evaluate a lower limit for the SEP O_; 40 10
path lengths, one must describe the turbulent field < 30 5
lines of the SW over a very broad range of turbu- % 2°
lent scales. This can be done using the spectra of = %) Fastsw 0 Fast SW|
magnetic turbulence measuredsitu. 0 100 200 300 400 O 100 200 300 400
Applying the SRND method [12, 13] with mag- Az (10°cm) Az (10°cm)

netic spectra deduced frorHelios 2 magnetic i yre 1: Examples of projected magnetic field-
field measurements at 1 a0 AU in quiet slow  jine segments generated from 3D isotropic turbu-

and fast SW streams, we computed 50 three- oncq gnectra composed of sofi2® modes, with
dimensional magnetic field lines in each of the SW the projected3, spectral fits of Fig 2 in [13].

turbulence conditions. Each of the magnetic field

lines has a projection along the main field of about _ )

magnetic field segments projected in the— z tions from one SW stream to another SW stream

plane of the ecliptic. Of the four cases showing the With the same turbulence spectrum but different

field-line wandering on the relatively large scales turbulent phases is mainly due to the large-scale
0f 101° — 102 cm, slow SW atl.0 AU contains the  field-line wandering. As the resolution scale

lowest power in the shortt(1° — 10! cm) turbu- becomes finer and more short-scale irregularities
lent scales, while fast SW &t3 AU contains the  are accounted for in the computation of the length
highest power in those same short scales. This re-Lsz, the curves of the correction factors in differ-
sults in the smoothest field line in the first case and €nt realizations of the turbulence increase nearly
the most irregular field line in the second. Slow Parallel to each other, due to the independence of
SW at0.3 AU and fast SW at..0 AU are interme-  the scales and the higher statistics on the shorter

diate between the two. turbulent scales.
We then computed the lengths. of each of the The correctionLs./Az increases with distance
field lines as a function of the resolution scale, from the Sun because the decrease i of Bj

between10? and 1012 cm. The results of all 200 is faster than that of the magnetic turbulent en-
computations are shown in Figure 2, rescaled by €rgy, implying a stronger field-line wandering at
the projected lengtthz = 4 x 102 cm. The histo- ~ 1arger distance from the Sun in the inner helio-
grams of the ratiog s / Az, or lengthening factors, ~ SPhere. Also, the dependence of the lengthening
at resolution10° cm are also shown in Figure 3. factor ondz is stronger in the fast SW where the
The ratials, /A~ is the correction factor that should ~ turbulence has less time to evolve and the spectra
smooth approximation in order to obtain the length @long the field lines (see Fig. 1).

of the real turbulent field-line segment seen at the Applying the generalized quasilinear (GQL) the-
resolutiondz. Here the smooth approximation is ory [10, 12], whose accuracy in quiet SW was con-

just the projectiom\z along the main field. firmed by a full nonlinear calculation [11], we can
The lengthening factofs. /A= can be very sig-  also predict the average lengthening of the turbu-
nificant. It varies from about.16 + 0.06 and lent field lines, analytically, at any resolution scale.
1.23 £ 0.03 in slow and _fast SW ab.3 AU to Az 12

1.4540.25 and1.33 4-0.06 in slow and fast SW at (Lazs:) = —{([(02)*+ (0r)3.] "), (@)

0z
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Figure 2: RatioL/Az, or field-line lengthening
factor, as function of the resolution scale. The
lengths of the wandering field lines vary from one
SW stream to another, even for a fixed spectrum
of turbulence. Variability is stronger in slow SW
where, unlike in fast SW, wandering ondal AU

(~ 10'2 cm) scale can produce as much lengthen-
ing as irregularities on the shorter scales.

where(dr)2, = (6z)2, + (dy)3, is distributed ac-
cording to the distribution (seg4.1 in [13])
2X67XQ/02

Prob{(or)s, = X} = 2

(2)
ando? = ((0r)2,) is related to the turbulence
spectrum through the GQL theory. Provided that
27 /dz exceeds the correlation wavenumber,

of the turbulent phases and for a system suffi-
ciently large in all directions, it can be shown that
the cross-field displacemends: and Jy are ran-
dom numbers drawn from the Gaussian distribu-
tion fx(6z) = n1/20-1e=(02)"/" (see [12]),
and thereforejr, is drawn from the distribution
of eq. (2). Estimating the average we find

<LAz 6z> 771/2 g 0z (62)2 /o2
5 =1 — 1= (== z o

Az + 2 4z o €
(3)

with the error functiond. We compare in Figure
4 the theoretical estimate of eq. (3Jagh-dotted
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Figure 3: Histograms of the ratids/Az of Fig. 1
at resolutionyz = 10° cm.

lines) to the average of the 50 curves shown in each
SW case in Figure 26lid lines). The discrepancy
results from the difficulty to “deproject” the spectra
with sufficient accuracy over 4 decades.

Figure 4 also shows the lengthening factors ob-
tained fromHelios 2 data €rosseswith error bars).
Although slightly different in slow SW from the
average values of simulation and theory, the val-
ues computed from thim situ data are, given the
distributions of Figure 3, very close to the aver-
age. Because each of the data intervals selected
for analysis is 4-5 times longer than one simulated
field line, the results from then situ analysis are
much closer to the average values than would be
expected from the distributions of Figure 3.

Travel Delays and Minimal Path Length

The lengthening factors shown in Figures 2-4 ap-
ply locally and for nearly uniform turbulence con-
ditions. To estimate the length of turbulent field
lines between the Sun andAU, the field lines
must be subdivided into a number of smaller seg-
ments. Four adjacent segments from the Sun to
0.2, 0.4, 0.7 and1 AU are adequate. As reference
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Figure 4: Ratiosl./Az as function oféz, show-
ing excellent agreement between simulation, the-
ory andin situ observations. Dash-dotted lines:
averages for 50 simulated field lineSolid lines:
theoretical estimates of the averag€sosses with
error bars: ratios computed frorilelios 2 data.

length we use for each of the four segments the
length of the corresponding Parker spiral segment.

We find that in quiet slow SW, the length of the
field lines exceeds, on the averaty®, AU between
the Sun and AU, with maxima as high ag AU
and minima of the order of.2 AU. The resulting
travel delay for an “unscattered’0 MeV proton
traveling from a few solar radii td AU could ex-
cee3+ 14 minutesin slow SW]9+4 minutesin
fast SW (see details in [14]). The travel delays of
“unscattered™s keV electrons with gyroradiK a
few 107 cm at1 AU (< 1/100 that of 10 MeV pro-
tons) should be similar to those of thé MeV pro-
tons in slow SW, but even longer in fast SW. These
results are very much consistent with the broadly
distributed injection times of & 40 keV electrons
obtained in [2].

To obtain a rough absolute lower limit of the field-
line lengths, we also use as reference line the ra-
dial line with three adjacent segments of lengths
0.3, 0.5 and0.2 AU, respectively, and as lengthen-
ing factors: 1, 1.1, 1.25 in slow SW and 1, 1.14

and 1.23 in fast SW (see Figs. 2-3). By doing so
we find that in fast SW, the small-scale irregulari-
ties guarantee thdt;, > Lspirq, as soon agz <
101%cm. In slow SW,Ls, > 1.1AU for §z <
10'°cm. A higher lower limit in excess afiral
could easily be found by refining our estimate to
a fourth intermediate segment betwee’ and
0.8 AU. So, field-line wandering may not explain
SEP path lengths shorter th@n,;,;, contrary to
the conclusion reached in [9] where the shorter
turbulent scales, responsible for the minimal tur-
bulent lengthening, were not taken into account.

Finally, the travel delays are shorter for faster
particles, and longer for slower particles, since
they are proportional to the travel time, and
the lengthening factord;./Az are decreasing
functions of the particle gyroradius. The vari-
ations are only of the order of 10% in quiet
SW between particles with0'° and 10'' cm
gyroradii, but they could become much more
significant for enhanced levels of SW turbulence.
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