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Abstract. A study of alpha particle acceleration at following the work of Skilling (1975) and Bell (1978a,
parallel shock due to an interaction with Aéfw waves b), developed the quasi-linear model that describes self-
self-consistently excited in both upstream and downstreantonsistently the ion acceleration and the wave excitation
regions was conducted using a scale-separation modedt interplanetary shocks. Lee (1983) (see also Gordon et
(Galinsky and Shevchenko, 2000, 2007). The modelal., 1999) assumed, that some seed population of protons
uses conservation laws and resonance conditions to finds injected at the shock front into the upstream plasma and
where waves will be generated or damped and hence wherdeveloped a mechanism to investigate the dynamics of only
particles will be pitch-angle scattered. It considers the totalthis population due to interaction with waves. As a result
distribution function (for the bulk plasma and high energy of the cyclotron instability (Sagdeev and Shafranov, 1961),
tail), so no standard assumptions (e.g. seed populationAlfvén waves are excited and scatter some patrticles to the
or some ad-hoc escape rate of accelerated particles) amownstream region creating the conditions for the first order
required. The heavy ion scattering on hydromagneticFermi mechanism. The main assumption in this approach,
turbulence generated by both protons and ions themselves Emilarly to (Skilling, 1975; Bell, 1978a, b), is the near
considered. The contribution of alpha particles to turbulenceisotropicity of the distribution function. This assumption
generation is important because of their relatively large massean be justified only if the time scale of particle pitch
loading parameteP, = nymy/npmp (mp, np and my, ng angle scattering due to cyclotron interaction is the shortest
are proton and alpha particle mass and density) that definesme scale of all physically relevant processes. Then the
efficiency of wave excitation. The energy spectra of alphapitch-angle averaged distribution function can be found as
particles are found and compared with those obtained in tesh solution of the so-called convection-diffusion equation
particle approximation. with right-hand side describing the ion source term (see e.g.
Eqg. 2.1 in Malkov and Drury, 2001). To relate this solution
to observations, the flux density of the seed patrticles in the
source term should be obtained from either direct or indirect
shock measurements.

An explanation of the main characteristics of accelerated !N SPite of successful explanation by DSA-based analytical
particles in astrophysical plasmas became possible due to &'d numerical models (Lee, 1983; Jokipi, 1987; Gordon
idea of diffusive shock acceleration (DSA) at quasi-parallel €t &l 1999; Zank et al., 2000; Li et al., 2003, 2005;
shocks (Krymsky, 1977; Axford et al., 1977; Bell, 1978a, Giacolone and _Kota, 2006) of many important features
b; Blandford and Ostriker, 1978). The DSA mechanism of the accelerat!on process, for example power spegtra of
was first developed for astrophysical shocks following theaccel_erated particles, dependence of accelerated particles on
suggestion that charged particles are accelerated through firft€ distance from the shock front and many others, there are
order Fermi acceleration by clouds of Alfi waves excited IMmportant questions that remain open for a long time.

on both sides of the shock wave. Soon after Lee (1983), The possibility of thermal plasma to provide a source
of the accelerated protons has been discussed for a long

time. There was also considerable evidence obtained

Correspondence tov. L. Galinsky both from observations and simulations, that shocks can
BY (vit@ucsd.edu) directly accelerate ambient thermal particles (see reviews by
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Drury (1983) and by Jones and Ellison (1991) and referencea macroscopic model of shock acceleration. The model
therein). Itwas also shown by Malkov &k (1995) thatthe  constructed in Paper 1 takes into account the pressure of
wave fields required for proton acceleration can be excitedaccelerated particles that can decelerate the upstream flow
by a beam of the downstream tail protons injected into theof the solar wind and modify the shock wave structure.
upstream region. This mechanism cannot be incorporated in Using this model, Paper 1 studies proton acceleration
the macroscopic acceleration picture based on the theoreticath the case of a shock wave propagating parallel to the
models derived from DSA approach. The DSA-basedambient magnetic field. These results showed agreement
theoretical models do not follow the dynamics of thermal with diffusive shock acceleration (DSA) models in prediction
plasma and hence they cannot describe the process of protaf power spectra for accelerated particles in upstream region.
acceleration from the thermal plasma. However, this study has also revealed the presence of a

Another important problem is that the DSA models spectral break in the high-energy part of the particle spectra.
do not include the back reaction of the acceleratedit was also found that in the downstream region close to
particles on the shock wave that can limit the processthe shock front, strong diffusion over perpendicular energy
of acceleration (although some models were able to limittakes place for particles with small absolute values of parallel
extent of acceleration by introducing wave dampingilk/  velocity v; in the shock reference frame. These particles
et al.,, 1988). And again, this shortcoming is connectedwere quite likely to cross the shock interface multiple
with limitations of DSA approach that evaluates only the times and interact with Alfén waves at cyclotron resonance
dynamics of the high energetic tail of particle distribution. conditions that are different for waves in upstream and
Detailed discussions of DSA-based models can be foundlownstream regions. As a result, particle were not only
in reviews (see e.g. Drury, 1983; Jones and Ellison, 1991pitch angle scattered but energized as well, mainly in a
Malkov and Drury, 2001) and references therein). perpendicular direction.

Recently, a new theoretical approach and numerical model One of the most interesting problems in the shock
of proton acceleration at quasi-parallel shocks based omcceleration is the problem of heavy ion acceleration. Up
energy balance between waves and resonant particles has now this problem was considered using a test particle
been proposed in Galinsky and Shevchenko (2007) (we willapproximation assuming that the waves needed for ion
hereafter refer to this paper as “Paper 17). This modelacceleration are excited by protons and that the wave
automatically includes both the thermal plasma injectionexcitation by heavy ions is not sufficient, and therefore,
scenario and modification of the shock structure due to theneglected. Using a test particle approach, various DSA
reaction of the accelerated particles. Similarly to DSA-basednodels were able to explain results of observations of
models (Krymsky, 1977; Axford et al., 1977; Bell, 1978a, the abundance of various heavy ions in heliosphere with
b; Blanford and Ostriker, 1978), the new model is one- reasonable success. In brief, the analysis showed a consistent
dimensional where waves propagate parallel or anti-paralleependence of heavy ion abundancesAyiZ (the atomic
to the magnetic field. A quasi-linear approach was used inyeight to charge ratio). The only deviation from thig Z
Paper 1 for description of wave-particle interaction, similarly ordering has been found in alpha particle behavior and in the
to the analytical consideration by Lee (1982) and Gordonbehavior of protons themselves (Meyer, 1985; Mason, 1987).
et al. (1999), and the resonant wave-particle interactionsttempts to explain this deviation by DSA models required
were assumed to be the fastest processes in the particlgtificially high injection rates in order for the results to be
acceleration problem. at least qualitatively consistent with observations (Tylka et

However, in Paper 1, in contrast to Lee (1982), Gordon etal., 1999; Ng et al., 1999). We would like to note that the
al. (1999), plasma protons were not divided into two classesifficiency of the wave excitation in the solar wind is defined
of resonant protons and thermal plasma. The evolution oby the so-called mass loading paramefgr= NgMg /Npmp
the entire gyro-phase averaged proton distribution functionsee Eq. 17) that has a reasonably high value in the case
was analyzed. Stability of the velocity distribution in of alpha particles. So it is important to understand how
the total interval of possible parallel velocitiag was  much a self-consistent approach to heavy ion acceleration
investigated for each distance from the shock front at eacltan change the efficiency of ion acceleration.
time step. Using a quasi-linear approach, the energy |n this paper we will study alpha particle acceleration at

exchange between particles and waves for each interval o4 shock wave that propagates parallel to the interplanetary
resonant parallel velocitieav; was analyzed to find a new magnetic field.

velocity distribution function at the intervalv; as well as

the corresponding wave power spectrum. As a result, the

dynamics of the entire particle distribution and the wave2 Equations and algorithm of numerical solution

power spectrum was studied as function of time and distance

from the shock front. Paper 1 demonstrated for the firstWe consider a planar shock wave moving along the z-axis
time how the problem of particle acceleration from the with the +z direction parallel to the magnetic field, and we
thermal distribution can be included in a natural way in will work in the wave front system of reference.
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We assume that initially the shock frontat zg divides As a result of resonance interaction, a shell-like distribu-
the upstream and downstream plasmas with Maxwelliantion of protonsf = f(w) is formed in the interval of resonant
distributions with parameters that satisfy Rankine-Hugoniotvelocitiesuv,.

boundary conditions (see e.g. Jones and Ellison, 1991): As was discussed above, we will study the dynamics of
up the wave excitation and particle acceleration relying on the
N 1 , B?| (B-a)(B-u
u-n P+ -pu +4— ————| =0
T

thermal plasma as a source of so called seed population
y—1 2 A that excites waves needed for particle acceleration. Thus,
similarly to Paper 1, we will analyze stability of the
entire gyro-phase averaged proton distribution function. By
averaging the proton kinetic equation over times larger than
the characteristic period of oscillations we obtain in quasi-
linear approximation the equation for so-called background
distribution function of protong (z,z, v, v.1):

d
[,ou(u-ﬁ)—}-(P+BZ/871)ﬁ—(B~ﬁ)B/4n]:p=O (1)
[B-i]y=0

[A % (ux B)]3p= 0

. a a
Here p, u, and P are the zero, first and second moments —f+v”—f =QLs(fL, W~ , W) (4a)
of the proton distribution functionsz is a unit vector in 9z
the direction of the shock normal (negative z-direction), Equations for wave actions in quasi-linear approximation
[f(z)]dp is the difference between initial upstream (up) and have the form:
downstream (d) values of(z) at the wave front. We would
i i ow< 9
like to note that we need boundary conditions only at the +—(U?W“) = QL (W) (5a)
time + =0. Similarly to Paper 1, we solve the spatial- 97 9z \ 9

temporal problem of plasma-wave dynamics by consideringHere vS; is z-component of the group velocity for waves

i 9z = © . S
jche upstream and downstream plasmas as one plasma W'B}opagatmg in parallel and anti-parallel directions.
inhomogeneous parameters.

X . Right-hand-side terms in Eqgs. (4)—(5) are quasi-linear
As in Lee (1983), Gordon et al. (1990 and in Paper 1, Weqnaators that have the following form in plasma reference

do not use any external forces and rely only on resonant,o a.
wave-particle interaction self-consistently included in the

model to excite Alfien waves and accelerate particles. We oL, = 2me?

introduce the wave action m?2c?
W< (1,z,01) = | BT |? /8oy Z I:|:v2 Wy~ I:f:|
. e — K
. . . v —dw/dk
which describes the wave packets propagating paratl ( F | I=d/ | v =vA (Foctw)/w

and anti-parallel {-) to the external magnetic field in a

medium with varying parameters that are calculated from A, W
moments of the particle distribution functionB|? is the +L [ULW i| (4b)
spectral density of the wave magnetic field. The resonance v=—vAFecto)/o
conditions for interaction with such waves have the form o 5
Vor 74 w ~

_ QLe’:Lh——CWG/USL dv, 5b
wk kv F we =0 2) L W= (Foe-to)/o )
Herew; andk are the frequency and wave humber of &fv
waves,w is the proton cyclotron frequency. The signs iy = (A + ok —kyvy 3y
in Eq. (2) describe interactions with waves at normal and v vik) o By
anomalous Doppler resonances correspondingly. The sum in Eq. (4b) takes into account interactions at normal

Cyclotron resonant interaction leads to pitch angle gng anomalous Doppler resonances. Thus, the quasi-linear
scattering of particles, so resonant protons interacting aterm in the right-hand side of Eqs. (4a) and (4b) takes
both possible resonances (2) with each broadband packgfio account all four possible interactions with MHD waves

W< (t.z.e) diffuse along the pitch angle diffusion lines ropagating in both directions along the magnetic field.
(Vedenov et al., 1962; Rowlands et al., 1966; Kennel and The Egs. (4)~(5) describe processes of the wave

Engelman, 1966) excitation and particle acceleration in the system under

2 consideration.  Since these equations are non-stationary

w = vi+ (v” —v&j) =const 3) and non-homogeneous nonlinear equations, we solve them
numerically. The region over with size L where processes

wherev% =va andvF; =—va. of the wave excitation and particle acceleration take place
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stretches in both directions from the shock front. The sizepropagating paralle>) or anti-parallel ¢-) to the external
L of the region is chosen to be much larger than themagnetic fieldy € [v| —dvy, vjf +8vy].
characteristic scale of quasi-linear relaxation. We divide the The amount of particle free energy for each resonance

region L into small intervals with locations region is obtained as a variation of the proton kinetic energy
' in final and initial states in a frame of reference where the
zi,i=123,...N; (6)  pulk of the plasma is at rest:

and will solve Egs. (4)—(5) at each interval for each time step. , _ _mp -
To do this, we introduce the wave spectrum with a wide band™fn (-2 = 7/Si[(f(t’z’v”’vl)> —f(t.zvp00)]

of possible wave numbers {v2 [0y — e z)]Z]dv 1)
L [ HAE

ki,i=0,1,...Ny (7)
. . whereu(t,z) is a bulk plasma velocity.

to assure that resonant cyclotron m_teracuon samples all We calculate a balance of energy between waves and

possible intervals of resonant velocitieg on the proton particles for each resonance interval as

distribution function.
Similarly to Paper 1, scale-separation techniques WillAE; (r,z) = Z E<(t,z,0r) —AF,” (12)

be used to numerically solve Egs. (4)—(5) by assuming ke{n}

that characteristic temporal and spatial scales of p'tCh'anglﬁereAEf (t.2) is change of the wave energy densitydn

diffusion (microscopic scales) are smaller than the time h resonance regiori} represents all harmonics belongin

step and size of each spatial interval (macroscopic scalesi. glofh; rep ging

That means that steady state of the plasma-wave system | the n-th resonant interval that can be found from the
esonance condition (2). The first term in the right-hand side

developed at each time step at any distance from the shock . L
front. The steady state at some interval of resonant velocitie§ FEq. (12) is the total wave energy densityiith resonance

is achieved in two cases: (i) when the pitch-angle averagetﬁeglon at previous time step with the quantly” (z.z. o)

distribution function is formedZ f =0 or (ii) when the defined by

resonant waves are totally absorbi@gd =0 at a considered 9D w2

interval of resonant velocities. Thus, at the end of each timeE ™ (t,z, k) = _Wk(_)ajkz_f_z (13)
step, the right-hand-side terms in Eqgs. (4)—(5) are equal to k

Zero. 2 2 2 Wi 2 (94
. . D (wi, k) =k“c“+wfy——— +0f p—————
For the purpose of calculating the input from the resonant (@, ) ppa)k—wcp Peox + wee
particles to the waves and vice-versa, we divide the entire

region of all possible parallel and perpendicular velocities £ (7.z.@) is the sum of potential and kinetic energy

(14a)

into small intervals with grid locations densities of the wave with frequenay, that is defined from
) equation
v, i =123,...Ny, (8)
D (wi,k)=0 (14b)
v ,i=1,23,...Ny, (9)

In our case the potential and kinetic wave energy densities

To calculate energy transfer from waves to resonant particle@re €qual each other aitdd” (z,z, wi) = | B2/ 4.

and vice-versa, we need to find the free energy available in The algorithm for numeric solution of Egs. (4)—(5) is
the particle distribution for each resonant velocity interval. based on discussed above energetic relationships between
The amount of free energy available inth interval of ~ resonant particles and waves in a gi_ven_ interval_of paral_lel
resonant velocities; € [v! — vy, v!! +8v] is defined by yelocny. _In the_ case of unstable distribution function in tf_ns

a difference between the energy contained in the curreninterval, instability is developed that leads to wave excitation
particle distribution function (PDF) and the energy contained@nd particle pitch angle scattering. Part of resonant particle
in the pitch-angle scattered PDF both taken over the€nergy is transferred to excited waves and, as a result, the
resonance interval. We find the pitch-angle average functiorfnergy of resonant particles with shell distribution is smaller
at each time step using conservation of the proton numbefhan that of the resonant particles in the same interval of

along diffusion lines (3) (see Paper 1): parallel velocity before the instability onset. In the case
when a distribution function is stable and there are waves in
(f(t.z,vp 0 ) a given interval of resonant velocities, the absorption of the
wave energy and pitch angle scattering of resonant particles
=/ ftzwe,a—d) do/// do’ (10)  take place. The energy of resonant particles with pitch angle
S 0 scattered distribution function in a given interval of parallel

where thet coordinate is directed along lines~ =const ~ Velocities is larger than that of the resonant particles with
and S is then-th interval of resonant velocities for waves “initial” distribution function.
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The numeric solution algorithm can be described as thdn the case when initially there are waves in the plasma, we
following procedures: should first perform procedure 4.2 by using Egs. (10)—-(12)
and proceed after that with solution of equations at the first

1. It accordance with assumption that the steady stat§ime step using the numerical solution algorithm described
of the plasma-wave system is developed at each timg,pqgye.

step at any distance from the shock front, we update

the distribution function as well as the wave spectrum3  Acceleration of protons and heavy ions

at the beginning of each time step by integrating

Egs. (4)-(5) with zero right-hand sides. We obtain To show that both protons and heavy ions are accelerated

the new distribution function at every x v x vy from thermal core and that the waves needed for their

grid location by using flux conservation and assuming acceleration are excited due to cyclotron instability (Sagdeev

one dimensional streaming of plasma in force-free and Shafranov, 1961), we assume that initially there is no any

environment. The waves are updated for everypy  seed population and no waves in the system.

using conservation of their action in streaming medium As was discussed before, we integrate the system of

with locally varying parameters. Egs. (4)—(5) for the case of a parallel shock. We work in

the shock front reference frame and initially assume that

2. The new distribution function is used to find the proton e upstream and downstream plasmas are Maxwellian with

density, temperature as well as the local rest frameemperatures that are related by Rankine-Hugoniot boundary

of reference for every;. Using these parameters we conditions (1). The dimensionless equations that are

calculate the pitch angle diffusion lines (3). employed to update the distribution function and the wave
spectrum at the beginning of each time step (procedure 1 in

3. By using Eq. (11), we obtain the pitch angle the algorithm) have the form:

scattered distribution function in every resonant region

n n dfi af; .
vy € [vf = duy, v +8vy - 8—];+U||al=QLf[ (W= W) (=pa)  (15)
Z
4. After that, using Eq. (11), we check if the energy of sy« 4
particles with updated distribution function is larger — — +£(v§;We> =QLy (fpr f, WT) (16)

or smaller in comparison with that of particles with ) o )
pitch angle scattered distribution function in the same T09€ther with Eq. (4) for a proton distribution function we

resonant interval, that is if the distribution function is "W use a similar Eq. (15) for the second plasma component

unstable or stable with respect to wave generation in theS Well _
current resonance interval. And the energy balance Eg. (12) can be written as

n<>2 _ pe2
(a) If it is unstable, we use the pitch angle scatteredAB" (t,2) = B,""(1,2)
particle distribution function as a new one for the -
current resonance interval. We assign the available TAup o (o200 )7 = folr.z vy 01)]
energy to the waves in this interval by using !
Eqg. (12) and proceed to next resonant interval. {UiﬁL[vn _up(t,Z)]z}vJ_dUJ_dU”

(b) If the particle distribution function is stable but
waves are present in the current resonant region, the- pamgup/ [(fa (t,z, V|, UJ_))(_) — fu (t,z, V|, v¢)]

waves will interact with the particles and transfer Si

some or all of their energy. The new particle P

distribution function and the new wave level in {ULWL[”H_”a(’ﬂZ)] }ULdULdUII (17)
the resonant region are found by using the same 5 I

Egs. (10)~(12). Here Bup = vTup/vAup’ UTup, VAup are initial values of

the gas kinetic to magnetic pressure ratio, the proton
5. Since the levels of the newly found PDF can be thermal velocity and Alfén speed in the upstream region

different in adjacent resonant intervals this locally stable correspondingly and, = nymy /npmp is the mass-loading
PDF does not yet represent the global wave-particleparameter. AB,?Z in the Eq. (17) represents the change
equilibrium state. In order to find this global state we of the dimensionless wave magnetic energy density-ih
use aggregation procedure, that is we combine adjacemntesonance region (see Eq. 12). To solve numerically we have
resonant intervals where the PDF has been pitch-anglehosen the number density of alpha particles to be 5% of the
scattered and use (10) to find the common pitch-angleproton density, that corresponds to mass-loading parameter
scattered PDF. We then repeat the entire procedure (4being equal to 0.2. This He/H abundance ratio is typical for
5) iteratively until we arrive to the (quasi)-stationary the fast solar wind streams (Gloeckler et al., 1994; Torsti et
partitioning of energy between waves and particles.  al., 2001; Desai and Burgess, 2008).
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It should be noted that the heavy ions are not treated here
as test particles, hence, the right hand side of the Eq. (5) for
wave action was modified as well to include the input of the
ions in wave generation and damping. 10

It should be mentioned that we use simple dispersionless
form of pitch angle diffusion lines (3) for the sake of
clarity. As the entire gyrophase averaged PDFs for both
components are updated by Eqgs. (15)—(17) it is rather
straightforward to calculate self-consistently local thermal -
dispersive corrections to wave phase spegfl. The
pitch-angle scattered distribution function will be more 107
complicated than simple spherical shell in this case, but one
should not expect substantial changes in the acceleration
process. The effect of dispersion will be strongest for waves o= I N DU UOTER W
with frequencies at or close to a local proton cyclotron ! 10 " 100 1000
frequencywc, but resonances responsible for scattering of
accelerated particles, especially heavy ions and high energ
protons, are located at much lower frequency part of the wav
spectrum.

In obtaining Egs. (15)—(17) we introduced dimensionless
magnetic variance

o ViV ) vy dvy

J

—— accelerated PDF

10710
= - initiol downstream PDF

Fig. 1. A snapshot of the proton distribution function over parallel
\yelocity [ fo (t,z,vH,vL)vlde typical for spatial/temporal area
& the upstream regiorwfyp~ 3) close to the shock front. The

dotted line is the Iine)l_’3 that represents the theoretical solution
obtained by DSA approach8(~ 3.3). The dashed and dash-
dotted lines are initial Maxwellian upstream and downstream PDF,

B = B2 B2, (18)  respectively.

where B? = Y |B;|> and used a normalized particle

distribution function For plasma parameters we used more strong shock than
v$ observed by ISEE-3. In our case the shock compression

185tz vp00) = =2 fo(r. 2. 01) (19)  value was equal to= uyp/uq = 10.4. The solar wind plasma
nup

speed and density wetg,p, =2.4 x 10’cmst and nyp =
We also introduced dimensionless velocity, length, and time4 cni~3. Although the shock observed by ISEE-3 propogated
obliquely to the magnetic fieldo(~ 41°) we assumed
paralalle shock propagation in this study to simplify the
general picture (the original ISEE-3 observed shock strength
Herezo andzo are macroscopic length and time, connectedang direction was used to analyze proton acceleration in a
by the relatiorzo = vruplo. We omitted superscript “dls” in - companion paper; Galinsky and Shevchenko, 2010).

Egs. (15)—(17). The spectrum of the accelerated protons as a function
To cover the possible interval of accelerated energies up t@f the parallel velocity is shown in Fig. 1 using a log-log
several MeV per nucleon, we choose the value of maximalcale. One can see a power-like spectrum of protons with the

velocity of protons asjjmax=10°. The size of the parallel exponent close t@¢ — 3.3 that is related to the compression
velocity interval was chosen asv| = 0.25. value g = 3r/(r-1). This result is in agreement with that of
We used the following grid dimensions in numerical psA-based theory (see e.g. Gordon et al., 1999), shown in
solution of Egs. (4)-(5): the figure by dotted line; ”. However, numerical solution
N;=100, N, =400Q N, =100 (21) of system of Egs. (15)—(16) has shown that there is a break on
the spectrum at large values of parallel velocity. The spectra
and the number of harmonics in this study wés=10°.  of initial Maxwellian upstream and downstream PDFs are
To assure that the size of each spatial interval in the regiorghown in the Figure as well with dashed and dash-dotted

is much larger than the characteristic scale of quasi-lineafines respectively to help understand the position of the
relaxation the siz& of domain in z direction was chosen to pregk.

be 2x 10°r, whererp is the proton gyroradius.

We used the magnetic field parameters similar to theq Discussion
case of ISEE-3 encounter with a quasi-parallel shock of
11-12 November 1978. The particle and wave observation®lthough the right-hand-side terms in Egs. (4)—(5) (or
for this event have been described in detail in previous15-16) can be obtained without using quasi-linear frame-
publications (see Kennel et al., 1984a, b; Tsurutani et al. work and hence can be made applicable even to large
1983). The magnetic field measured during the observationamplitude monochromatic wave regime, the quasi-linear
wasBp=6.85nT. approach used in this paper for simplification imposes some

v t Z
vdls _ dis dis _ (2

—_ t J— J—

UTp fo 20
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important restrictions. First of all, in order to be applicable s°
the quasi-linear approach requires that the parallel velocity 1
grid points inside each resonant interval should be close | 7
enough to allow the overlapping of the trapping regions of
neighboring harmonics. The expression for the distange
between the trapping regions of two neighboring harmonics
has the form:

Vi

svy) < {Qepkvi Y2/ k (22)

where Q¢p = eB/mc, B = (|Bk|28k)l/2 is a root mean 2or
square magnetic field of the wave harmonig, ~ vy is r
characteristic perpendicular veloci8g is the wave number -
distance between neighboring harmonics, aBgd? is a L
spectral energy density of the electromagnetic fluctuations.

)

By using cyclotron resonance condition it follows that —40 —20 M 20 40
e2|Bk|2 v2 1/3 Fig. 2. The updated distribution function of alpha-particles at the
Sy < 5> L (23) beginning of the first time step in the upstream region close to the
m=c e shock front.

And hence, the width of each resonant interval should satisfy
the condition:

Avj| > dv (24 psa-based macroscopic models needed a seed population

The conditions (23)—(24) have been checked to be satisfiefpr description of acceleration process at shocks. Of course,
in our study. there was general understanding that “seed” population
An interesting feature revealed by the model can clearlyis injected from the thermal background (see e.g. Drury,
be seen in Figure 1. It is the presence of a spectral breakl983; Jones and Ellison, 1991). Malkov andlk/ (1995,
The break is located at the high energy part of the particle1998) have shown that the tail particles from downstream
power spectrum, where acceleration evidently stops and théhermal distribution penetrating into upstream region and
PDF of accelerated particles (solid line) deviates from the€Xciting waves needed for particle acceleration can play
DSA results (dotted line). The non-stationary nature of thethe role of this seed population. However, DSA-based
model can be used as one possible explanation for the origiffacroscopic models cannot use this mechanism because
of the break. Indeed, we found that the position of thethey are limited by derivation to energetic particles only.
break depends both on distance from the shock front and o¥Ve would like to note that Malkov-8k mechanism is
time elapsed since the acceleration process has started. Aitomatically incorporated in our macroscopic model.
acceleration to higher energies requires more time it is not 1he model showed a substantial difference in acceleration
clear yet if asymptotic stationary solution without the break ©f heavy ions from test particles regime. It can be seen
can be reached in a finite time for any shock configurationsfom Fig. 3, that even for relatively small concentration
or, on the contrary, the position of the break will stabilize at ©f alpha particles (5%) the number of accelerated alpha
some point in space and time. particles is much larger when the hydromagnetic turbulence
In Fig. 2 the updated distribution function of alpha is generated by both protons and alphas themselves, than in
particles (see procedure 1 thfe algorithm) in the upstream  the case Where heavy ions are treated using a test particle
region close to the wave front is shown at the beginning@Pproximation.
of the first time step. This is a plasma-beam distribution e would like to mention several of the most important
with beam component formed by the tail particles of the restrictions of our model in the form presented here (besides
downstream distribution that crossed the shock front. Thisthe quasi-linear derivation of right hand sides of Egs. 4
distribution is unstable with respect to excitation of MHD @nd 5).  First of all, the model is one dimensional:
waves that are needed for the resonant particles to chang@ovement of plasma particles as well as excitation and
their velocities. As a result, some particles can cross thePropagation of waves are confined to one direction. This
shock front repeatedly and eventually be accelerated. Hencdimitation is not very restrictive for the problem of heavy
the solution demonstrates that neither seed popu|atio,ipns/protons acceleration by parallel shocks considered here
nor initial waves are needed for the acceleration proces@nd in Paper 1, but may be more important for problem of
to start. To emphasize the importance of this findingacceleration by oblique shocks (Galinsky and Shevchenko,
we would like to stress once more that all previous 2010).
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Ol T oor consiotunt onceloration of aportes T of suprathermal seed particles nor external wave turbulence
- test particle approximation ] are required for the acceleration process to operate. The
] numerical analysis based on the model shows quite good
agreement with DSA models in predicting power spectra of

] accelerated particles. However, it was shown that there is
a break in the power spectra at large energies of particles.
. It was shown that in the case where the hydromagnetic

turbulence is self-consistently generated by both protons and
alphas, the number of accelerated alpha particles is much
r 7 larger than in the case when they are treated using a test
| i particle approximation.
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Including a non-resonant interaction represents a challenging

problem and we defer discussion of possible effects of thisgeferences
interaction to a subsequent paper.

Another unsolved problem in the study of shock accel- Axford, W. 1., Leer, E., and Skadron, G.: The acceleration of cosmic
eration is the role of nonlinear wave-wave interactions in ray by shock waves, Proc. Int. Conf. Cosmic Rays 15th, 11,
the upstream region. The parametric interaction of &dfv 132 pp., 1977.
and acoustic waves can be described in the framework oBe€ll, A. R.: The acceleration of cosmic rays in shock fronts, |, Mon.
the so-called derivative nonlinear Schrodinger (DNLS)-type  NOt. R. Astron. Soc., 182, 147 pp., 1978a.
equation (Shevchenko et al., 2002). Using this descriptionBell\l/i A. I\Rl“t Lhzafceleéat'onlg‘;czzg“'c rai’;;gbsm‘:k fronts, I,
it was shown (Shevchenko et al., 2003) that nonlinear,, o NOu R ASTON. S0C., 162, 445 Pp., 19790, .

. . Blanford, R. D. and Ostriker, J. P.: Particle acceleration by
interaction can lead to the development of short large-

i i astrophysical shocks, Astrophys. J., 221, p. 269, 1978.
amplitude magnetic structures (SLAMS) that were ObserVed(:laf&en, H.-T. and Mann, G.: Motion of ions reflected off quasi-

in the solar wind by Schwartz et al. (1992). Such nonlinear parajiel shock waves in the presence of large-amplitude magnetic
wave structures can reflect protons (see e.g. Claen and field fluctuations, Astron. Astrophys., 330, 381-388, 1998.

Mann, 1998) and thus provide energy for downstreamDesai, M. |. and Burgess, D.: Particle acceleration at coronal mass
heating and wave excitation. Our approach permits the ejection-driven interplanetary shocks and the Earth’s bow shock,
inclusion of wave-wave interaction in the shock acceleration J. Geophys. Res., 113, A00B06, doi:10.1029/2008JA013219,

model. We will consider these questions in detail elsewhere. 2008. _ _ -
Drury, L. O'C.: An introduction to the theory of diffusive shock

acceleration of energetic particles in tenuous plasmas, Rep. Prog.
Phys., 46, 973-1027, 1983.
Galinsky, V. L. and Shevchenko, V. I.: Proton acceleration at

The theoretical study of alpha particle acceleration at a_ ‘l’,b"?(”e\fthkSaJélfeoﬁhyi R\e/si,'sxbmittlgd,201o. bal
shock due to interaction with Alen waves self-consistently ainsxy, V. L. an evenenko, . 1. A noniinear energy balance

wcited in both tream and downstream regions w model of particle acceleration by collisionless parallel shock
excite oth upsitréam and downstream regions was . es astrophys. J., 669, L109-L112, 2007.

conducted using a new theoretical scale-separation modek;,jinsky, v. L. and Shevchenko, V. I.: Nonlinear cyclotron resonant
The main difference of the model from DSA models is  wave-particle interaction in a nonuniform magnetic field, Phys.

that it does not treat the accelerated particles as a separateRey, Lett, 85, 90-93, 2000.

substance but, similar to shock simulations, considers thenGloeckler, G., Geiss, J., Roelof, E. C., Fisk, L. A., Ipavich, F. M.,
as an integral part of the plasma distribution function. Ogilvie, K. W., Lanzerotti, L. J., von Steiger, R., and Wilkena,
The model automatically includes an injection scenario B.: Acceleration of interstellar pickup ions in the disturbed solar
in the macroscopic picture of the particle acceleration at Wwind observed on ULYSSES, J. Geophys. Res., 99(A9), 17637
shocks and confirms that neither an additional population 17643,1994.

5 Conclusions

Nonlin. Processes Geophys., 17, 663% 2010 www.nonlin-processes-geophys.net/17/663/2010/



V. L. Galinsky and V. I. Shevchenko: Heavy ion acceleration at parallel shocks 671

Gordon, B. E., Lee, M. A., Nbius, E., and Trattner, K. J.: Ng, C. K., Reames, D. V., and Tylka, A. J.: Effect of proton-
Coupled hydromagnetic wave excitation and ion acceleration amplified waves on the evolution of solar energetic particle
at at interplanetary traveling shocks and Earth’s bow shock composition in gradual events, Geophys. Res. Lett.,, 26(14),

revisited, J. Geophys. Res., 104(A12), p. 28263, 1999. 2145-2148, d0i:10.1029/1999GL 900459, 1999.
Jones, F. C. and Ellison, D. C.: The plasma physics of shockRowlands, J., Shapiro, V. D., and Shevchenko, V. I.: Quasilinear
acceleration, Space Sci. Rev., 58, 259-346, 1991. theory of plasma cyclotron instability, Sov. Phys. JETP, 23,

Kennel, C. F., Coronity, F. V., Scarf, F. L., Livesey, W. A, p. 651, 1966.

Russell, C. T., Smith, E. J., Wenzel, K. P., and Scholer, M.: Sagdeeyv, R. Z. and Shafranov, V. D.: On the instability of a plasma
Plasma and energetic particle structure upstream of a quasi- with anisotropic distribution of velocities in a magnetic field,
parallel interplanetary shock, J. Geophys. Res., 89(A7), 5419— Sov. Phys. JETP, 12, 130-132, 1961.

5435, 1984a. Schwartz, S. J., Burgess, D., Wilkinson, W. P., Kassel, R. L.,

Kennel, C. F., Coronity, F. V., Scarf, F. L., Livesey, W. A, Dunlop, M., and lilhr, H.: Observations of short large-amplitude
Russell, C. T., Smith, E. J., Wenzel, K. P, and Scholer, magnetic structures at a quasi-parallel shock, J. Geophys. Res.,
M.:  Structure of the November 12, 1978 quasi-parallel 97(A4), 4209-4227, doi:10.1029/91JA02581, 1992.
interplanetary shock, J. Geophys. Res., 89(A7), 5436-5452Skilling, J.: Cosmic ray streaming — |, Mon. Not. R. Astron. Soc.,
doi:10.1029/JA089iA07p05436, 1984b. 172, 557-566, 1975.

Kennel, C. F. and Engelmann, F.: Velocity space diffusion from Shevchenko, V. ., Sagdeev, R. Z., Galinsky, V. L., and Medvedey,
weak plasma turbulence in a magnetic field, Phys. Fluids, 9, M. V.: The DNLS equation and parametric decay instability,
2377, doi:10.1063/1.1761629, 1966. Plasma Phys. Rep., 29(7), 545-549, 2003.

Krymsky, G. F.: A regular mechanism for the acceleration of Shevchenko, V. |., Galinsky, V. L., and Ride, S. K.: Excitation
charged particles on the front of a shock wave, Dokl. Akad. Nauk of left-hand-polarized nonlinear Alan waves by an ion
SSSR, 234, 1306-1308, 1977. beam in a plasma, J. Geophys. Res., 107(All), 1367,

Lee, M. A.: Coupled hydromagnetic wave excitation and ion  doi:10.1029/2001JA009208, 2002.
acceleration upstream of the earth’s bow shock, J. Geophys. ResTorsti, J., Kocharov, L., Laivola, J., Pohjolainen, S., Plunkett, S.
87, 5063-5080, 1982. P., Thompson, B. J., Kaiser, M. L., and Reiner, M. J.: Solar

Lee, M. A.: Coupled hydromagnetic wave excitation and ion particle events with helium-over-hydrogen enhancement in the
acceleration at interplanetary traveling shocks, J. Geophys. Res., energy range up to 100 MeV nuct, Sol. Phys., 205, 123-147,
88, 6109-6119, 1983. 2001.

Li, G., Zank, G. P., and Rice, W. K. M.: Energetic particle Tsurutani, B. T., Smith, E. J., and Jones, D. E.: Waves observed
acceleration and transport at coronal mass ejectiondriven shocks, upstream of interplanetary shocks, J. Geophys. Res., 88(A7),
J. Geophys. Res., 108, 1082, doi:10.1029/2002JA009666, 2003. 5645-5656, 1983.

Li, G., Zank, G. P., and Rice, W. K. M.: Acceleration and transport Tylka, A. J., Reames, D. V., and Ng, C. K.: Observations of
of heavy ions at coronal mass ejection-driven shocks, J. Geophys. systematic temporal evolution in elemental composition during

Res., 110, A06104, doi:10.1029/2004JA010600, 2005. gradual solar energetic particle events, Geophys. Res. Lett.,
Mason, G. M.: The composition of galactic cosmic rays and solar 26(14), 2141-2144, doi:10.1029/1999GL900458, 1999.
energetic particles, Rev. Geophys., 25(3), 685-696, 1987. Vedenov, A. A., Velikhov, E. P., and Sagdeev, R. Z.: Nuclear

Malkov, M. A. and Drury, L. O'C.: Nonlinear theory of diffusive Fusion, Supplement, Part 2, 465-475, 1962.
acceleration of particles by shock waves, Rep. Prog. Phys., 64Y0lk, H. J., Zank, L. A., and Zank, G. P.: Cosmic ray spectrum

429-481, 2001. produced by supernova remnants with an upper limit on wave
Malkov, M. A. and \Wlk, H. J.: Theory of ion injection at shocks, dissipation, Astron. Astrophys., 198, 274-282, 1988.

Astron. Astrophys., 300, 605-626, 1995. Zank, G. P, Rice, W. K., and Wu, C. C.. Particle
Malkov, M. A. and \blk, H. J.: Diffusive ion acceleration at shocks: acceleration and coronal mass ejection driven shocks: A

the problem of injection, Adv. Space Res., 21, 551-554, 1998. theoretical model, J. Geophys. Res., 105(Al11), 25079-25095,
Meyer, J. P.: The baseline composition of solar energetic particles, doi:10.1029/1999JA000455, 2000.
Astrophys. J. Suppl. S., 57, 151-171, 1985.

www.nonlin-processes-geophys.net/17/663/2010/ Nonlin. Processes Geophys., 7168610



