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Abstract: The assumption that the first arriving particles in impudsgolar energetic particle (SEP)
events travel scatter-free along regular Parker-spirgnetic field lines from injection at the Sun to
detection at 1 AU has led to the conclusion that the impulSi&Ps are usually injected well after a
flare type Il radio burst is observed at the Sun. If all thébtdent scales are taken into account in the
description of the solar wind magnetic fields, however, onddfithat the lengths of the field lines, and
therefore the path lengths of the SEPs, are much increastiatltyrbulence. Close to 1 AU, the length
of a turbulent field segment is increased on average by obds@%, with even longer field lines in some
slow SW streams. In impulsive SEP events, noticeable tdelalys of the first arriving particles should
result from this turbulent lengthening of the field linestmsignificant variations of these travel delays
from one event to another. We argue that the delays of théclesroccur during their travel to 1 AU,
mostly close to 1 AU, not at their injections at the Sun. R8s with lower energies and smaller gyroradii
may undergo longer trajectories and larger travel delags to higher energy particles.

Introduction layed by~ 10 minutes from the type IlI bursts. £
recent comparison [6] of inferred injection time
An important aspect of solar energetic particles of 80 E> 30 keV electron events with solar 4(
(SEPs) is to determine their acceleration and injec- 800 MHz observations found no single kind of s
tion profiles at the Sun. It has long been assumed lar radio signature, other than the preceding ty
that the first observed SEPs of all energies of tran- lll bursts, to characterize the inferred electron
sient events at 1 AU arrive after traversing common jection onset times. Inferred injection times
spiral field lines over distances of2 AU with lit- electrons and ions in gradual SEP events AU
tle scattering (e.g., [1]). The SEP onsets show the [2] are inconsistent among different events 3
velocity dispersions expected from impulsive re- Wwith the earlietHelios events observed well withit
leases at the Sun of particles of all observed ener-1AU. Furthermore, the:/v plots have generally
gies. The standard technique to deduce the onsetyielded simultaneous ion and electron injections
of SEP solar injection times is to plot the times of impulsive SEP events [2], but delayed relative
the first arriving particles (J) against:/v wherev the type Il bursts, contrary to the earliEsEE-3
is the speed of the particles (e.g., [2]). The inter- [7] andHelios[8] observations.
cept of the plot at the time axis gives the inferred Simulations [9, 10] with various assumptions
solar onset time of injection. scattering have shown that, although the parti
The use ofc/v plots and scatter-free assumption onset times usually align close to a straight li
for first arriving particles has recently produced as a function ot/v, the estimated injection time
puzzling results. Although it had long been ac- and path lengths can deviate significantly from
cepted that solaF > 30keV electrons were in-  tual values. We review a major effect not cons
jected in type llI radio bursts [3] of the flare im- ered in those simulations, that turbulence result:
pulsive phase, recent observations from AGE magnetic field-line wandering to produce field-lit
EPAM (e.g., [4]) andMnd 3DP [5] spacecraft de-  lengths substantially longer thar AU [11].
tectors have indicated coronal injection onsets de-
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The SEP path lengths cannot be less than the length 5 30 _g
of the field lines resolved at the scale of a few of S 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 thak = 50 15
and, thus, to evaluate a lower limit for the SEP % 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 = 1%/ Fastsw 0 Fast SW
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magnetic turbulence measuriedsitu. 0
Applying the SRND method [12, 13] with mag-
netic spectra deduced fromelios 2 magnetic g re 1: Examples of projected magnetic fiel

field measurements at 1 a0B AU in quiet slow  jine segments generated from 3D isotropic turl

and fast SW streams, we computed 50 three- e spectra composed of soté® modes, with
dimensional magnetic field lines in each of the SW 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 _ .
4 x 10'2¢cm. Figure 1 shows examples of these 1AU, with a few more extreme values. The vari

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

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

field-line wandering on the relatively large scales turbulent phases is mainly due to the large-sc
0f 1019 — 10'2cm, slow SW afl.0 AU contains the  field-line wandering. As the resolution scale

lowest power in the short.(1° — 10! cm) turbu- becomes finer and more short-scale irregulari

lent scales, while fast SW &t3 AU contains the are accounted for in the computation of the len
highest power in those same short scales. This re-Ls-, the curves of the correction factors in diffe
sults in the smoothest field line in the first case and ent realizations of the turbulence increase ne:
the most irregular field line in the second. Slow Parallel to each other, due to the independenc
SW at0.3 AU and fast SW ai .0 AU are interme- the scales and the higher statistics on the shc
diate between the two. turbulent scales.

We then Computed the |engmz of each of the The Correctionng/AZ increases with distanc

field lines as a function of the resolution scale,
between10® and10*2cm. The results of all 200

from the Sun because the decreaseif of B2
is faster than that of the magnetic turbulent ¢

computations are shown in Figure 2, rescaled by €rgy, implying a stronger field-line wandering

the projected lengthhz = 4 x 102 cm. The histo-

larger distance from the Sun in the inner heli

grams of the ratio&.. / Az, or lengthening factors, ~ sphere. Also, the dependence of the lengther

at resolution10° cm are also shown in Figure 3. factor ondz is stronger in the fast SW where tr
The ratials, /Az is the correction factor that should  turbulence has less time to evolve and the spe
be applied to the length of a field-line segment's are flatter, implying more short-scale irregulariti
smooth approximation in order to obtain the length along the field lines (see Fig. 1).

of the real turbulent field-line segment seen at the Applying the generalized quasilinear (GQL) th
resolutiondz. Here the smooth approximation is ory [14, 12], whose accuracy in quiet SW was cc¢

just the projectiom\z along the main field.

The lengthening factoL;,/Az can be very sig-
nificant. It varies from about.16 4+ 0.06 and
1.23 4+ 0.03 in slow and fast SW af.3 AU to
1.45+0.25 and1.33 £0.06 in slow and fast SW at
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firmed by a full nonlinear calculation [15], we ca
also predict the average lengthening of the tur
lent field lines, analytically, at any resolution sca

Az

(Lazss) = SoA[622 +6m3)%) . @
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Figure 2: RatioL/Az, or field-line lengthening
factor, as function of the resolution scdle. 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

(~ 102 cm) scale can produce as much lengthen-

ing as irregularities on the shorter scales.

where(ér)3, = (6x)3, + (6y)3, is distributed ac-
cording to the distribution (seg4.1 in [13])
2X 2 2
Prob{(6r)s. = X} = e X /7

o2

)

ando? = ((0r)2,) is related to the turbulence

spectrum through the GQL theory. Provided that

27 /0z exceeds the correlation wavenumlbier,.

of the turbulent phases and for a system suffi-
ciently large in all directions, it can be shown that

the cross-field displacemends and dy are ran-

dom numbers drawn from the Gaussian distribu-

tion fx(6z) = 7207 1e=(02)*/" (see [12]),
and thereforegr, is drawn from the distribution
of eq. (2). Estimating the average we find

<LAz 5Z> 7'(1/2 g 0z (5 )2/ 2
Eiad et :]_ - 1_(1) -~ z o

Az + 2 0z o ¢
3)

with the error functionb. We compare in Figure
4 the theoretical estimate of eq. (3Jaéh-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 e:
SW case in Figure 26lid lines). The discrepancy
results from the difficulty to “deproject” the spect
with sufficient accuracy over 4 decades.

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

Travel Delays and Minimal Path Length

The lengthening factors shown in Figures 2-4 ¢
ply locally and for nearly uniform turbulence cot
ditions. To estimate the length of turbulent fie
lines between the Sun andAU, the field lines
must be subdivided into a number of smaller s
ments. Four adjacent segments from the Sur
0.2, 0.4, 0.7 and1 AU are adequate. As referenc
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15 ‘ ‘ and 1.23 in fast SW (see Figs. 2-3). By doing
1.4 : we find that in fast SW, the small-scale irregula

N ties guarantee thdts, > Lgpirq as soon agz <
ﬂ 1.3¢ 10°cm. In slow SW,Ls;., > 1.1AU for §2 <

S 1.2 10'% cm. A higher lower limit in excess b spiral
~ could easily be found by refining our estimate
1.1 a fourth intermediate segment betwe@’ and
1.0 0.8 AU. So, field-line wandering may not explai
1.5 SEP path lengths shorter thén,;,.;, contrary to
1.4t the conclusion reached in [16] where the shol
o turbulent scales, responsible for the minimal ti
g 1.3F bulent lengthening, were not taken into account
\S 126 Finally, the travel delays are shorter for fast
~ particles, and longer for slower particles, sin
1.1 they are proportional to the travel time, ai
1.0 the lengthening factord.;./Az are decreasing

0 " 2 functions of the particle gyroradius. The val
10 10 10 10 ations are only of the order of 10% in qui
SW between particles witn0'°© and 10! cm
gyroradii, but they could become much ma

Figure 4: RatiosL./Az as function ofdz, show-  gjgpificant for enhanced levels of SW turbulenct
ing excellent agreement between simulation, the-

ory andin situ observations. Dash-dotted lines: References
averages for 50 simulated field lineSolid lines:
theoretical estimates of the averag€sosses with [1] Haggerty, D. K., and E. C. RoelofAstro-
error bars: ratios computed frorilelios 2 data. phys. J., 579, 841, 2002.
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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
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