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We use numerical solutions of the focused transport equatigtudy the evolution of the pitch-
angle dependent distribution function of protons in thenitg of shock waves and compare the
results with basic predictions of diffusive shock accdleratheory. We then consider the case
that a seed population of protons is injected close to the sBunltaneously with a traveling
interplanetary shock for which we assume a simplified gepmét/e investigate the effects of
adiabatic focusing, pitch-angle dependent spatial difusfirst-order Fermi acceleration at the
shock and adiabatic energy losses in the expanding solat behind the shock. We analyze
the resulting intensities, anisotropies, and energy spec a function of time and find that our
simulations can reproduce the intensity-time profilesdglly observed by the Helios, ACE and
Wind spacecraft in interplanetary shock-associated garévents. The acceleration efficiency
does not seem to be high enough to explain the energy spdageasved at the shock as being
accelerated out of a thermal seed population during the ¢ifne 2 days it takes the shock to
reach the Earth, and an injection spectrum of particlesapoelerated by solar flares or coronal
shocks would be required.
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1. Introduction

Solar energetic particles events are typically divided into two classes - imp@gents with
characteristic times for the observed fluxes of several hours, addaravents, with fluxes lasting
for several days [1]. Besides such characteristics, as enrichrgegiebtrons 2He, and charge
states of heavy ions like iron, these classes are usually assessed tdifferemt acceleration
mechanisms. Particles in impulsive events are considered to be energindarifieses by either
stochastic acceleration and/or in a process involving magnetic reconnedtiaggradual events
particles are thought to be accelerated mainly at traveling interplanetary slaoes by the process
of diffusive shock acceleration (DSA) [2] which requires a pitch ardjiribution function of
accelerated particles which is always close to isotropy. However, sdicebservations in the
past decades have shown that the fluxes in gradual SEP can be higddyr@pic, which makes
the above consideration questionable. To address this problem anliffgmroach was introduced
[3, 4, 5] by describing the transport of the particles by the focusegp@hequation, which is then
solved with Monte-Carlo simulations of the corresponding stochastic ditfietequations (SDES).
This approach, which we will also employ in our work, does not requireap pitch angle
distributions, allows relatively easily to incorporate the effect of shocklacation without having
to formulate matching conditions at the shock, and to investigate the effectsrefanmplicated
magnetic field structures.

2. Pitch-angle dependent particle transport

The evolution of the particle’s distribution functidiir, u, p,t), wherer is the location in the
Heliosphere relative to the center of the Sun= cosf andp are the particle’s pitch angle cosine
and momentum, respectively, ahid the time, is determined by the following processes: adiabatic
motion along the smooth diverging magnetic field, pitch angle scattering at magregidarities,
diffusion perpendicular to the magnetic field, and co-rotation. The pitclheastattering gives
rise to spatial diffusion along the field and tends to isotropize the distributioetian. The latter
effect also couples the particles to the expanding solar wind and leads\teation and energy
losses due to adiabatic deceleration. Particle drifts perpendicular to ttegeavieeld arise due to
gradients and curvature in the field, and by the action of an induced eléelticE = V,, x B,
where Vy,, is the solar wind velocity andB denotes the magnetic field (co-rotation, [6]). A
Fokker-Planck equation fof (7, u, p,t) which describes the above effects has been given by [7].
Note thatf (r, p, 4,t) is proportional to the measured flux or intensity of the partidles,E, u,t),
here formulated as function of the kinetic enekgywhich is usually the observable. In this work
we neglect co-rotation and the diffusion of the particles perpendiculaetm#ygnetic field. We do
consider the effect of first-order Fermi acceleration which the particleergo if they encounter
a shock wave and are being scattered forth and back through the v@lmajiyat the shock front.
Here we consider only parallel shocks in which electric fields are absent.

Various techniques have been applied to numerically solve Fokker-Pé&mngtions for the
above effects. Monte-Carlo simulations of the corresponding Ito stocttherential equations
[8] were presented by [9] who used a time-backward stochastic [maaés an explicit scheme
for the momentum transport, and by [10, 11, 12] who used a time-forwactiastic process with
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an implicit scheme, which addresses energy-changing processesfogmmeg proper Lorentz
transformations between a stationary frame in which the Sun is at resteamedmhich move with
the momentary solar wind velocity at the position of the particle. Here we emphig e latter
approach.

3. Particle acceleration at a stationary parallel shock

As a consistency check we compare results of our method with the prediofi@3A for a
static shock front with different flow speeds on the each side of thekdhowet (U; upstream and
U, downstream in the shock’s rest frame). In this part the remaining pses@se advection along
the magnetic field, scattering of particles at magnetic inhomogeneities, anectionvwith the
flow. We assume a constant magnetic field, and therefore the particlestangbpect to magnetic
focusing. The remaining two stochastic differential equations to solve are th

dz(t) = pudt and Qu(t) = /2Dy dWy (t) + a;’j“dt (3.2)

wherez is the coordinate along the magnetic field,the speed of th particlesV,(t) a one-
dimensional Wiener process, aiy,, is the pitch angle diffusion coefficient. For comparison
with diffusion-convection models for the isotropic part of the particle’s itigtron function we
introduce a parallel mean free path

_2\2
P 3“/du (=) (3.2)

which relates the pitch angle scattering rate to the spatial diffusion paralle toibient magnetic
field. Figure 1 shows resulting energy spectra at different time interftalsthe start of the proton
injection for a shock with a compression ratio®# 3, for which DSA predicts a spectrum at the
shock~ E~%4 in the non-relativistic regime. It can be seen from the figure that our simugation
asymptotically approach the above spectrum, on time scales which deperelasstimed values
of the mean free path and the distances of the escape boundaries fremotkean the up-Ay, z,)
and downstreamAg, Zg) regions. In the left panel of the figure a size of the upstream regi@ of
mean free paths was chosen, and a size of 70 mean free paths in tharight the downstream
region had in both cases a length of 100 mean free paths. Not surprjsirgiind that increasing
the size of the downstream region leads to an increase of the energ@whege the modeled spec-
trum reproduces the prediction from diffusive shock acceleratichitaat decreasing the values of
Au and g leads to a shorter time scale on which the resulting spectra approach therBdié-p
tions. We conclude that our simulations reproduce the basic featuresfofdd 8 one-dimensional
stationary shock correctly.

4. Particle acceleration and transport at a traveling parallel interplanetary shock

Now we consider transport and energy gain and loss processe®fedin protons in the
vicinity of a shock wave propagating in the inner heliosphere. We assurna #eed population
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Figure1l: Energy spectra of particles at the shock with a compressitmR = 3.0 at different time intervals
after the start of the injection (given on the legend in hpursft panel:A, = 0.1 AU, A = 0.01 AU, z,=1
AU, zy = 1 AU. Right panel:A;, = 0.01 AU, A4y = 0.001 AU, z, = 0.7 AU, 7y = 0.1 AU. Simulation results
are given in the shock front system. The dash-dotted linedates spectrum predicted by diffusive shock
acceleration.

of particles is accelerated in a solar flare and is released into the interpjametdium at a radial
distance (with respect to the center of the Sygrgimultaneously with a shock wave. For simplic-
ity, we assume a radial interplanetary magnetic field (Fig. 2, upper left)pane a spherically
symmetric blast wave which propagates with a spégdnto the undisturbed solar wind which

is assumed to have a spedd Under the above assumptions the shock is again strictly parallel.
The solar wind speed relaxes behind the shock as a function of the didadcer linearly from

a speed/q to Vp atrg (shown schematically in Fig. 2, right panel). In the frame moving with the
shock front the fluid velocity in the upstream region is thin= Vsh — Vo, and in the downstream
regionU, = Vgh— V4. The compression ratio at the shockRs= U; /U». In this geometry the two
stochastic differential equations adopt the form

dr(t) = podt and du(t) = /2Dy dW (1) + 2"L(1—u2)+‘9§ﬂ“ dt (4.1

which now includes the effect of adiabatic focusing in a diverging magfietitthrough the focus-
ing lengthL(r) = —B/(dB/dr). For the pitch angle diffusion coefficieBX,, we adopt a product
ansatz of the form

Duu(rE 1) = Ko(r,E)-{|u[* *+H} (1-p?) (4.2)

which partially resembles the result of standard quasi-linear theory fiti3ddditionally introduces

a parameteld which can phenomenologically describe an enhancement of scatteringlire- 0

by non-resonant and non-linear effects. The parangedenotes the spectral index of the magnetic
fluctuations along the field, which is assumed to be a single power law in wawketuWe adopt

H = 0.5 which is consistent with pitch angle distributions which are strongly foraaked and
proceed smoothly througlh= 0, as frequently observed for protons in the energy range condidere
here [14], and a value af = 1.67 for a Kolmogorov spectrum of the fluctuations. The solutions
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Figure 2: Upper left panel: sketch of the heliospheric magnetic figldcsure assumed in this work. Instead
of propagating in spiral-shaped flux tubes in a Parker fiédgh{lgrey) particles are considered to propagate
in flux cones directed radially away from the Sun (dark grelypwer left panel: focusing strength as a
function radial distance for the above two geometries. Wpight panel: plasma speed profile at a parallel
shock propagating in the solar wind with an assumed radigineigc field. Lower right panel: adiabatic
deceleration time scales in the quiet solar wind and in tipaesion region behind the shock.

of equations 4.1 can be viewed as trajectories of quasi-particles, andrit®enof quasi-particles
which are present in a volume element around a locatidaring a time period fron to t + At
is a measure fof(r,u,E,t). The particles are traced in two reference frames: the co-moving
solar wind frame, where the particles are scattered at magnetic fluctuatiicts ave assumed to
be static, and a stationary (with respect to the Sun) frame in which advectibfoausing are
considered. By obeying the proper transformations between the twe ditzoues for the quasi-
particle it is possible to take into account the effects of adiabatic losses weryitig flow of
scattering centers and of convection due to the isotropization of the paristféuation in the
system moving with the solar wind. This method allows to include in a natural wagftbet of
first-order Fermi acceleration - the particles experience a strong didialbaelerationwhen they
occasionally encounter the solar wind compression at the shock on trefiastiz path, in contrast
to their continuous small energy losses due to their coupling to the solar wiaechon.

In order to make full use of the information contained in angular deperdefinabserved par-
ticle fluxes, and for comparison with observations, we define an aniggbeopllel to the magnetic
field
Al 3 dpp f(rp,t)

Jrrduf(rut)

Figure 3 illustrates the results of a simulation for an impulsive injectidn=a0 with ~ E~* and
Vsh=1200 Km/sVy = 300 km/s,Vyg = 900 km/s and thus a compression rd&ie 3, and spatially
constant values ok, = 0.03 AU (left side) and\; = 0.08 AU (right side). The particle fluxes
and anisotropies were determined in a frame which does not move with téepbe Sun, so

(4.3)
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Figure 3: Time profiles of flare protons after interaction with with amerplanetary moving quasi parallel
shock forA, = 0.03 AU (left side) and\, = 0.08 AU (right side). Particles are injected with anE—*
spectrumyVsy = 1200 Km/s, compression rat® = 3, Vp = 300 km/s,Vy = 900 km/s. The passage of the
shock is marked by the vertical line in the middle panels. Ojyger panels show the average injection energy
with which the protons in a given energy range are observagjaen time, the lower panels the anisotropy.

they would be therefore directly comparable with observations made oe@pficmoving with
velocities which are small compared to that of the solar wind. The middle pdrikedigure
shows the time profiles of the proton fluxes in three energy ranges whih chesen to match
those of theWind 3DP/SST [15] particle detector. Solid lines indicate the results with the effects
of the shock included, dashed lines the particle transport without a shibekeffect of the shock
leads to an intensity maximum of the particle fluxes which is coincident with its gasaad a flux
enhancement with respect to the solution without the shock by factors 40&hd 5, respectively,
for A, = 0.03 AU, and by factors of 6, 3 and 1.6, respectively Xor 0.08 AU in the three energy
ranges in descending order. The lower panel of the figure showthehanisotropies of the particles
fluxes exhibit an increase at the passage of the shock, indicating thsttdlbk acts as a moving
source of particles. One of the advantages of the stochastic differeqtiation solver is that we
can track the position and energy of the simulated particle as a function c# gpad time. In the
upper panels of Figure 3 we have plotted the average energies with whiplaitticles detected in
each of the energy ranges had been injected close to the Sun. In thef cesshock we would
expect the shown energy increase with time, which is explained by the & gticles which were
detected later had spent more time in the expanding solar wind and therefiongol@ energy due
to adiabatic deceleration. In the presence of a shock (solid lines) the imjextergies decrease
towards the passage of the shock which indicates that the particles ethseound that time have
been accelerated from lower energies by the shock. After the pass#ye shock the injection
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Figure4: Left: Comparison of the intensity increase in front of theahwith the prediction from diffusive
shock theory for\;, = 0.03 AU. Right: Proton spectrum at the shock Aer= 0.03 AU (red) and\; = 0.08
AU (violet). Injection and solar wind parameters as in Fig. 3

energies increase faster as before which can be attributed to the fattetlvaer-expansion of the
solar wind behind the shock leads to enhanced adiabatic deceleration.

Next we compare the results of our simulations with another prediction of D&#yhe.g., the
steady-state spatial dependence of the particle intensity in the upstreéamaeg function of the
distance from the shock. We assume that at 1 AU the curvature radius sifidick is large enough
so that the geometry is approximately similar to that of the the one-dimensioratoasidered
before and we can replacéy z. In the shock’s rest frame we have

I(E,2) D exp(U:('Z) 0 exp(&ilU'Z) (4.4)

whereK = 1/3vA is the spatial diffusion coefficient. Steady-state conditions are approXximate
reached after a characteristic titge- (UA)/(3U?) whereA, andU are typical values of the mean
free path and the flow speed in the upstream region. For the values e@tshiere and 500 keV
protons we find. ~ 7 hours which is reasonably small enough compared to the shock travel time
to 1 AU of more than 30 hours, so that we can assume that a steady state arttble pransport

is reached in the region upstream of the shock. With the kinematic paramedersdial distances
involved we can convert the time axis in Figure 3 into a spatial axis (cf., [IBfe left side of
Figure 4 shows a comparison of the proton intensity increases as a fuottios distance to the
shock obtained from the simulations with those predicted by DSA\for 0.03 AU. We find an
excellent agreement up to an upstream distance of 0.5 AU from the simskations at larger
distances are probably caused by the prompt component of the sdliategar At distances to
the shock smaller than the scale of the assumed mean free paths we woulghexitan exact
match between solutions based on diffusion-convection equations (DAhase obtained based
on kinetic equations as used in this work. In the right side of Figure 4 we amripe energy
spectra at the time of the passage of the shocR;fer0.03 AU and 0.08 AU, respectively, with the
injection spectrum and the predictions of DSA for the assumed shock p@ramés an important
result we note that those spectra are steeper than the ones predict&RAHdpia quasi-parallel
shock. Possible reasons for this finding will be discussed below.
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5. Conclusions

We have presented a model which simulates the transport and accelefatmar@articles
injected at the Sun together with a traveling interplanetary shock for whicsaeme a simplified
geometry in the form of a radial blast wave with a quasi-parallel magnetictsteu We find that
for mean free paths of the order &f = 0.05 AU the results of our simulations can well repro-
duce observed intensity-time profiles of protons in the energy rangesaféds of keV to several
MeV in interplanetary shock events, i.e., a rise to a first maximum after a fewshimllowed by
a plateau for a day or so, and then a second rise towards the shoclspatie dependence of
the intensity towards the shock in the upstream region is in good agreememtredilstions from
DSA, indicating that the spatial transport has reached an equilibrium. Vowee find that the
energy spectrum at the shock is considerably steeper as predictesidfoDa given compression
ratio. Although we cannot totally exclude the possibility that the comparativelyaleceleration
efficiency is caused partially by the simplistic shock model employed hereralindis rather sug-
gest that the effects of focusing, adiabatic deceleration in the expafidimbehind the shock and
their variation in time and space prevent the acceleration process to reaehdy state, and an
energy spectrum as predicted by DSA. More realistic assumptions aleosoldr wind structure,
the angle between the shock normal and the magnetic field, and additie@beftich as an en-
hanced particle scattering in the vicinity of the shock due to self-generateddnce can be easily
integrated into our simulation method and will be considered in future work.

This study was supported in part by GIF Grant no. 1145/2011. Theeubenefited from dis-
cussions at a workshop on “Exploration of the inner Heliosphere”, &ellde International Space
Science Institute (ISSI) in Bern, Switzerland.
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