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Solar Energetic Particles: Shock Acceleration
and Transport through Self-Amplified Waves

Chee K. Ng'', Donald V. Reames and Allan J. Tylka

*George Mason University, Fairfax, VA, USA
TNaval Research Laboratory, Washington DC, USA
*University of Maryland, College Park, MD, USA

Abstract. This article reviews our work on the powerful influence offsehplified Alfvén waves
on the interplanetary (IP) transport and shock accelaraifcsolar energetic particles (SEPS). In
large gradual events, a huge number of shock-accelerattmhgrstream through the IP medium and
amplify ambient Alfvén waves by orders of magnitude. Noetinmodels that take account of self-
amplified waves semi-quantitatively explain many intriggiSEP observations at 1 AU: (a) upper
limits to early SEP intensities, (b) flat intensity energespa up to~ 30 MeV/amu before shock
arrival, and (c) complex temporal, energy, and event-eenévariations of elemental abundances.
Streaming limit complicates estimation of the number anergy of SEPs accelerated in a solar
event but provides a safety window for astronauts to seekeshaefore a potential hazardous
intensity rise at shock passage. Self-amplified waves hadgstrap shock acceleration and the high
near-shock SEP intensity predictedaPOr is relevant to inner heliospheric space missions.

Keywords: solar energetic particles, coronal shock acceleratidfiggeited plasma waves
PACS: 96.50.Vg, 96.50.Fm, 96.50.Tf, 96.50.Pw

INTRODUCTION

Anti-sunward Alfvén waves are greatly amplified by streagnBEPs upstream of a
CME-driven coronal shock in a large gradual SEP event. Thpliied waves pro-
foundly influence the shock acceleration and transport lobal species. They throt-
tle ion transport in a rigidity, ion species, and pitch-andependent manner, limiting
SEP intensity away from the shock and producing complex teal@and event-to-event
variations of SEP abundances. Upstream of a quasi-pa@Ci&-driven coronal shock,
Alfvén waves intensely amplified by protons below the ‘kneeérgyEyeeScatter pro-
tons and ions of higher rigidities at larger pitch-anglemtistrapping SEP acceleration.

We can understand many intriguing SEP observations by dakicount of the res-
onant interaction between SEPs and Alfvén wasglé-consistentlyThe dominant cy-
clotron resonance conditian — kuv = —Q/y may be rewritten:

k 1 ~Q 1 e (1)
B P(u—Va/v) A Ww(u—Va/Vv) mpc’
wherew is angular wave frequencl,wavenumberu pitch-angle cosiney ion speed,
Q angular cyclotron frequency,Lorentz factorB magnetic fieldP rigidity, Va Alfvén
speedQ ion charge in units og, A atomic massim, proton mass, andlight speed.
Eq. (1) is key to qualitatively understanding the dependerfiSEP characteristics on
particle rigidity P (middle term) and mass-to-charge ratigQ (last term).
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FIGURE 1. (a) Predicted 1 MeV proton intensitye, anisotropyé, and mean free path at 1 AU
with/without wave amplification. (b) Peak proton intensiyySEP source strength (Ng and Reames [1]).

STREAMING LIMITS

The effect of wave amplification on SEP transport was firsti@egl using a time-
dependent nonlinear model (Ng and Reames [1]) for a 0.1385 BleV, exponen-
tially decaying proton source atfixedradial distanceg = 21r . Initially, 1R = |L+
intensities of right and left-hand circularly polarizedjtward propagating, ambient
Alfvén waves are initialized via steady-state solutiongh®wave kinetic equation and
IR~ =L~ =0.11R* are prescribed for the inward waves.

The Alfvén waves scatter SEPs and self-consistently thesS#ERplify/damp the
waves. Focusing in a radial magnetic field is also includemn@aring the predicted
1 MeV proton intensities at 1 AU with/without wave growth,gbre 1a shows that
the self-amplified waves greatly reduce the proton intgnjgit Moreover, the peakg
increases with source strength 40250 pfu anddecreaseghereafter (Fig. 1b). The
intensity reduction is severe for a strong SEP source. Héue= (cn? s ster MeV) !
and ‘source strength’ is the source SEP intensity in pfu aeVM=rg,t = 0.

A survey of SEP events (1 Jan 1988 - 1 Sep 1997) found approximznsity limits
of 250, 10, and 1 pfu for 10, 40, and 100 MeV protons (Fig. 2agafRes and Ng
[2]). These limits apply well before shock arrivdlhe Ng et al. [3] model extends the
previous fixed source model [1] to include a moving multi-®BP source at@aveling
shock, solar-wind convection, adiabatic deceleratiod, \@mave transport. Snapshots of
its predicted radial profile of 5.2 MeV proton intensity (F@p) show that at dixed
heliocentric distance (e.g.= 1 AU) the intensity is streaming-limitegarly in an event
but rises when the shock comes sulfficiently close.

Early intensities above the streaming limits found in thewabsurvey have been
reported by e.g., Lario et al. [4], who explored possiblesesuincluding the effect of
large-scale interplanetary (IP) structures. Of coursestieaming limit also depends on
IP parameters. In the Ng et al. [3] model, it varies by a factoa few for a ten-fold
decrease in the ambient wave intensity. Interestinglyafioxed energetic proton phase-
space density, the resonant wave growth yeggaluated ak/B is independent oB and
varies as 1, /Mp, with np the plasma proton number density.
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FIGURE 2. (a) Event histogram (1988-1997) vs peak proton intensityiaferred streaming limits for
three energies at 1 AU (Reames and Ng [2]). (b) Evolving 5.% Meoton jg vsr profile for a SEP source
at a moving shock in a simulation by the Ng et al. [3] model. Atlr AU, the intensity is streaming-limited
until the shock, located at the sharp knee in each profilesgsad AU at 12 h.

Streaming limit is implicit in the steady-state shock aecafion models of Bell [5],
Lee [6], and Gordon et al. [7] and explicitly studied in a memmplex steady-state
model of Lee [8]. The result of a multi-parameter study oeatning limit in the time-
dependent model and comparison with steady-state modélseweported in [9].

ELEMENTAL ABUNDANCE VARIATION
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FIGURE 3. (a) Normalized abundance ratios observed in the 1998 Aprév@&nt. (b) Model predicted
ratios for indicated charged states. (c) Contrasting oeskhistories of Fe/O and He/H. (d) Model
predicted He/H and Fe/O. (e) Snapshots of the radial prafflése ratios oD, at u = 0.9 between 2.2
MeV/nuc HE*+ and H and between 2.6 MeV/nuc E& and G*. Arrows give locations of a hypothetical
unscatterequ = 0.9 ion. (From Tylka et al. [10], Ng et al. [11], Tylka [12]).

The 1998 April 20 event [10, 11, 12] exemplifies the fascimgtpuzzle of SEP
elemental abundance variations. Figure 3a shows Wind/BP&8Servation of Fe/O,
S/0, Si/O, Ne/O, C/O, and He/O histories at equal energy/famuspeed). The curves
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are ordered byA/Q (i.e. rigidity) and show a fall-rise-fall pattern for ratiof high
A/Qto low A/Q ions. There is aintriguing exceptiorto the rigidity ordering: He/H
varies in anti-phase to Fe/O (Fig. 3c). While the initial falabundance ratio in Fig. 3a
is expected because thediffusion coefficientD, is smaller for highe”/Q ions in
a Kolmogorov ambient wave spectrum, the ratio rebound anéi Mlation of A/Q
ordering (Figs. 3a,c) present a twin challenge to SEP t@hgpapassivemedium.

By including wave growth and a moving multi-ion soyrttee Ng et al. [11] model
semi-quantitatively produces both the rebound (Fig &8ta)the He/H behavior (Fig. 3d).
We can understand this qualitatively via Eq. (1) as follo@ensider X and Y minor
ions of equal energy/amhl /A, equalu, andAy/Qy > Ax/Qx > 1. Wave growth is
dominated by the contribution of energetic protons and tlbeenrmumerous protons at
low-energy amplify Alfvén waves faster at the higher wavabers resonant with lower
rigidity X. As scattering of X increases relative to Y, theXyiatio rebounds (Figs. 3a,b).

Moreover, if ample protons of higher speedy/Qy run aheadto amplify waves
resonant with Yout notX at speeds (Eq. (1)), then thearliestY will be ‘anomalously’
scattered more than X and Y/X will rigeitially in apparent violation of A/Q ordering.
The ‘violation’ is observed for 2.2 MeV/amu R&/H™ but not 2.6 MeV/amu Pé+/0%+
in the 1998 April event (Fig. 3c,d). The model reveals thattat 0.9, numerous> 9
MeV protons amplify waves to modif;}®/Di}, = 0.8 to D!}% /D!, > 1 in a moving
‘barrier’ to early 2.2 MeV/amu H& . In contrastD}$ /D9, remains< 1 everywhere
because there are few42 MeV protons running ahead to amplify the required resbnan
waves for 2.6 MeV/amu Bé+ (Fig. 3e).

If there are ample> 9 MeV protons, 2 MeV/amu He/H will rise as confirmed in
observations of large and/or hard proton events (Reaméq £8p. Energy dependence
is important and one should not be surprised to see diffemporal behavior of the
abundance ratios at high and low energi€sr example, in the 2000 April 4 event with
few > 9 MeV but many> 0.9 MeV protons, He/H falls at 2.2 MeV/amu (Ng et al. [14])
but rises ‘anomalously’ at 0.23 MeV/amu (Ho et al. [15], R3y. Similarly, the model
[3] predicts that initially Fe/O falls at high energy husesat sufficientlylow E/A for
ample protons at 16E /A (see their Figs. 1 and 8). Indeed in the 1998 April 20 event,
Fe/O falls at 2.6 MeV/amu (Fig. 3) but rises at 0.23 MeV/amuo @dal. [15], Fig. 4).

STREAMING LIMITED SEP ENERGY SPECTRA

SEP intensity energy spectra provide another means to mwlself-generated waves
throttle SEP transport. The descending energy spectracoksiccelerated SEPs sug-
gest that the streaming limit should extend to higher enéwgyarger event size. Fig-
ure 4a shows observations in figgongground level events (GLESs) dfattenedpro-
ton and O ion intensity spectra & < 5 to 30 MeV andE/A < 3 to 5 MeV/amu,
respectively[16]. These ‘plateau’ spectra are averageatime interval that includes
slow particles and ends hours before shock arrival. Preanyi simultaneous model fits
for both species are also shown [9]. Figure 4b contrastsribtemenergy spectra of the
weak 1998 May 2 GLE and the strong 2003 Oct 28 GLE. InbeakGLE, the intensity
rises monotonically toward low energy, becoming comparablor exceeding that in
the strong GLE aE < 1 MeV (P < 43 MV). Also shown in Figure 4b are preliminary
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FIGURE 5. Evolving radial profile ol ®* wave intensity ak/B = 0.0244 MV~ (resonant with 1 MeV
protons afu ~ 1) in (a) 2003 Oct 28 strong GLE and (b) 1998 May 2 weak GLE (Nal.g9]).

model predictions calculated with weak and soft SEP inpecfior the weak GLE versus
strong and hard SEP injection for the strong GLEs [9]. Furthsight is provided by
Figure 5 showing huge/little growth of* wave intensity ak/B = 0.0244 MV for
the strong/weak GLE. Clearly, only strong GLEs have numgenough> 1 MeV pro-
tons to hugely amplify waves to limik 1 MeV SEP intensity and flatten the intensity
spectra at low energy at 1 AU. Streaming limit thus compésastimation of the total
number and total energy of SEPs in an event from observatibi\bl.

BOOTSTRAP CORONAL SHOCK ACCELERATION
Can afinite-life CME-driven coronal shock accelerate particles fast enaugypically
low ambient wave intensities to agree with SEP observationdhe Ng and Reames

[17] bootstrap shock acceleration model, protons are thdeeelerated te- 300 MeV
in 10 minutes by a 2500 km/s parallel shock launched at 3,%lespite weak ambient
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FIGURE 6. Evolution over 600 s of (a) protofe vs E, (b) IR" wave intensity vsk/B, (c) proton
phase-space densifyvs u at 10 MeV, just upstream of shock. (Ng and Reames [17])

waves. Here again, self-consistent amplification of Alfwéaves is the key.

Figures 6a,b show the coupled growth of the SEP and Alfvénewspectra just
upstream of the traveling shock, while Figure 6c gives a motienate look at the
evolution of the SEP phase-space densityersusu at 10 MeV [17]. Asf at 10 MeV
grows by orders of magnitude, it fills out thespace (Fig. 6¢) and simultaneously the
‘knee’ energyExnedt), Where thejg spectrum plunges, advancestd 0 MeV (Fig. 6a).

The streaming limit and bootstrap shock acceleration cannolerstood irdifferent
spatial regionsvia the resonance condition (1), which is satisfied for tmeesavavenum-
berk by (largeP, smallu) and (smallP, large ) simultaneously. Thus, numerous up-
stream protons near the shockEak Eyxnee and p > 0.6 excite waves which scatter
E > Exneeprotons afu < 0.3 to bootstrap their acceleration. For examplé,&at200 s,
the acceleration becomes quasi-steady at 10 Mg),dt) advances to- 10 MeV and
numerous 10 MeV protons fill out the space near the shock. As thel0 MeV protons
stream away from the shock they begin making upstream wavyes-e0.6 to advance
shock acceleration to the next stag&at Eynedt) > 10 MeV.

DISCISSION AND CONCLUSION

Wave amplification by streaming energetic charged pagticléerived in e.g., Lee [18]
and in [3, Appendix B] via energy conservation. SEP-ampulifieaves are studied or
included in many other theoretical models, e.g., Vainid fireil Li et al. [20]. ULF waves
have been often observed with backstreaming < 100 keV psatpstream of the Earth’s
bow shock (e.g. Paschmann et al. [21], Eastwood et al. [22])ess frequently at lower
frequencies resonant with < 1 MeV protons at IP shocks (Taaret al. [23], Vinas et
al. [24], Sanderson et al. [26], Bamert et al. [27]). Howewdrect evidence at 1 AU of
> 1 MeV proton-amplified waves early in a SEP event has not beggorted. The reason
for this is three-fold. Shock acceleration efficiency gafgrdecreases steeply with
wave amplification decreases steeply from shock (comigaa¢k/B = 0.0244 MV~1
at 1 AU in Figure 5a and atr4 in Figure 6b), and Alfvén waves constitute only10%
of ambient IP magnetic field (IMF) power spectrum. The wauensities predicted at
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1 AU by Ng et al. [3] (their Figs. 3 and 10) are below or compégdb the observed
background IMF power spectrum (Leamon et al. [25]). Culyetite best evidence for
strong wave growth in the inner heliosphere comes indiydtin SEP observations. In
the near future Solar Orbiter and Solar Probe Plus may obskevamplified waves in
association with SEPs from their vantage points close t&tire

The many intriguing SEP behaviors - streaming-limitednistey, complex variation
of elemental abundances with time, energy, and from eveavént, as well as rapid
shock acceleration despite weak ambient waves - all poirgetbamplified waves
as a common denominator. These behaviors are prevaldatge gradual events of
space-weather significance. Successful modeling of thesereed SEP characteristics
requires self-consistent treatment of wave-particle masbinteraction with fullu, v,
andA/Q-dependence. Continuing observation, analysis, and rimgpef multi-species
energetic ions in SEP events will allow us to better undecstie physics of wave-
particle interaction and their consequences - a prerdquitsispace weather forecasting.
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