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Abstract: The selfconsistent theory of ion diffusive shock acceleraind the associated generation of
Alfvén waves are presented. The wave intensity satisfieave inetic equation and the ion distribution
function satisfies the diffusive transport equation. Thesasilinear non-stationary equations are solved
numerically for a given speed of the shock, traveling thfotige inner heliosphere. It is shown, that
calculated spectrum of accelerated particles fit the exgstieasurements in a satisfactory way.

Introduction Model

Numerous measurements accomplished in inter- The front of the interplanetary shock, created d
planetary space demonstrate that intensive accel-ing the solar flare, has a complicated nonspt
eration processes take place in the vicinity of inter- ical form. One can expect that the most effe
planetary shock fronts. Some aspects of energetictive acceleration takes place at the front part
particle generation and the associated generationthe shock, where the shock velocity is the hic
of Alfvén waves can be understand in the frame est and the interplanetary magnetic field (IMF) t
of simplified plane-wave approach of the diffusive a small angle with the shock normal in the inn
shock acceleration theory [1]. heliosphere« < 1 AU). This part of the shock

At the same time the geometrical factors (finite, in- Will be considered as a part of the sphere of
crease shock size, adiabatic cooling in the expand-dius R, which increases in time with the consta
ing solar wind) essentially influences the accelera- sPeedVs = dR;/dt. We assume that IMB as
tion [2]. These factors determine the maximum en- Well as the solar wind speest is of the radial di-
ergy of accelerated particles and its evolution dur- rection. As far as the transverse size of the act
ing the shock propagation. eration regior is large enoughl, ~ R,), and
fast particles are strongly magnetized (> ~ ),
the spherical approximation can be used. Int
case, the diffusive transport equation for the pa
cle distribution functionf(r, v, t) has a form

In our previous papers [2, 3]) we developed quasi-
linear theory of particle acceleration by interplane-
tary shocks based on the numerical solution of cor-
responding equations. It was shown for the case of
the Earth’s bow shock that the time evolution of ac- of 19 ,Of of 2w Af f
celerated particle spectra and selfconsistent spectra;,; = 2o </€|7" 5) - wE ;“% T

i " ot
of Alfvén waves are sensitive to the employed form 1)

of the Alfvén wave grows rate (compare results [4] wherer () is the parallel (perpendicular) diffu
and [5]). sion coefficient and is the particle velocity. The
In this paper we adopt here Alfvén wave grows rate |ast term in the Eq. (1) effectively describes pat
according to Gordon et al. [6], which differs from cle leakage from the acceleration region due to
that one derived by Lee [1] and used in our previ- diffusion across the IMF lines with the mean tin
ous study [2]. It is demonstrated, that calculated 7, = L2 /x, .

particle spectra in a satisfactory way fit the existed \yg neglected the shock modification by the pr
measurements [7]. sure of accelerated particles. Therefore the sh
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front is treated as discontinuity at which the
medium speed relative to the shock fromt =
Vs — w undergo a jump from the value; at
r=Rs+0tougs = uy/o atr = R, — 0, where

o = 4[1 + (3/M?)(r./Rs)>~Y]~1 is the shock
compression ratia}/ = u; /cs1 is the Mach num-
ber, ¢, is the sound speed,is the specific heat ra-
tio, the subscript corresponds to the heliocentric
distancer = r. = 1 AU.

At the shock front the distribution function fulfills
the boundary condition

— 0 0 0
53 (o) - (80,

(2
where
Qo = [ulNinj/(47TUz‘2nj)]5(U - Uz’nj)H(t —to)
(3)

is the source term, which provides the injection of

some part) = N;p,;/N; of medium particlesV,
into the acceleration process;,; = 4cs is the

velocity of injected particles. We assume that the

acceleration process starts at some distance
ro = Vito < re. As in the previous papers [1,

2] we assume high level of turbulence behind the

shock, that provides (r < R,) < k)(r > Rs)

and make it possible to neglect the second term in

the Eq. (2).
The diffusion coefficients are determined by the re-
lations
_ v?B? _ pHv?
K = 302wp E (k _ p]_Bl), K|kL = 3
(4)

wherepp = v/wp is gyroradiuswp = eB/mc
is the gyrofrequency;n and e are mass and
charge of protong is the speed of lightE(k) =
d(6B?/8m)/dInk is the energy density of Alfvén
waves per logarithm of the wave number The
wave spectrunt; = E* + E~ includes the spectra

of waves propagating in opposite directions, from

(E1) and towards £ ) the Sun.

The background Alfvén
Egt(r,k:) = E*(rk,t =

wave  spectrum
to) is modified

due to the wave excitation by accelerated parti-
cles. We describe the wave dynamics within the

plane-wave approach:

OE*  OFE* N
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where the wave grows rate is determined by !
expression [6]

B 32m3cqe’k) (v = wp/k) "

kmc2v?

o0 2
3 wB
X / dvv (1 — k2v2>
Umin
Umin = Max (Vinj, wn/k), ¢, is the Alfvén speed.
x = Ry — r. EQ. (5) is solved under the bounda
condition B+ (z = oo, t) = EE (r = Ry).
Note that wave growth rate (6) is by a factor of 8
larger than that one derived by Lee [1]. In adc
tion the particle diffusion coefficient (v) previ-
ously [1, 2] was under the integral. Eq.(1)-(6) a
solved numerically starting from the initial cond
tion f(r,v,t = tg) = 0.

(k) =

of
or

(6)

Results and discussion

The strength of radially-directed IMF has a rad
dependenc® = B.(r./r)?, wherer, = 1 AU.
The solar wind proton number density is descrik
by the same kind of dependende= N, (r./r)?.
We take the background Alfvén wave energy de
sity in the form, typical for the solar wind:

Ef (r, k) = Eg.(k/ko) 2 (r/re) %, (7)
whereky = wpe/vin ;. We use typical values =
0.5 andé = 4.

We studied the formation of particle and wa'
spectra, produced by the typical interplanet:
shock [3]. Here we use our model in order
compare calculated spectrum of accelerated
tons with the existing experimental data.

In order to compare calculations with measu
ments, performed by Gosling et al. [7], we u
the set of relevant parameter values, which ¢
responds to the observatio¥, = 8 cm™3 and
oe. = 2.6 according to [7] andv = 320 km/s,

V, = 474 km/s andB, = 5 x 1075 G according
to [8], M. = 2.4 andy = 1.2. In the considerec
case proton injection energy is,; = 1.2 keV,

and the injection rate = 10~2 is needed to fit the
data. We also take into account the accelera
of a-particles assuming that the solar wind plasi
contains 5% ofv-particles relative to protons.
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Figure 1: Distribution function of accelerated protons dsiraction of their kinetic energy separately fq
protons moving toward the Sun (a) and away from the Sun (bpeBEmental data, obtained on Augu
26-27, 1978 by ISEE 3 [7] are shown as well.

Following Horbury [9] we assume equal number culated in the quasi-linear approach, noticea
of Alfvén waves propagating in two opposite di- higher than in the linear case. This provide t

rections, from and towards the SuBj = E; . better agreement with the experiment. In Fig
The valueE,. (ko) = Ey. (ko) + E;, (ko) = 1.1 x we present Alfvén wave spectid(v) = E(k =
10713 erg/cn? is needed to fit the observation. 2rv/w)/v (herev = kw/(2r) is the wave fre-

In Fig.1 and 2 the calculated proton distribution duency, measured by the stationary observer),
function and the flux] — 5612 dzJ(2) of pro- culated for six different distances from the sho

tons with kinetic energies within the interval from  for the time moment 2 UT of August 27, 1978.
£1 = 91t0 ey = 237 keV are compared with the 'S S€€n that at > 0.004 Hz selfconsistent spec

experimental data Gosling et al. [7]. trum near the shock front considerably exceeds
- . background level.

One can see in Fig.1 that calculations well repro- 9 _ _

duce the experimental data. We conclude that theory of particle acceleration

The same calculation has been also performed interplanetary shocks based on the quasi-linear

within the linear approach, where compared with proach fairly wellfits the observations.

the previous case the increase of Alfvén wave tur-

bulence due to accelerated particles, is ignOfed-ACknOWIedgements

The results are shown in Fig.1 and 2 by the dashed

lines. One can see, that intensity of accelerated Thjs work has been supported by Program 16 (¢
particles with energies = 10 — 10°> keV cal- 3 project 14.2) of Russian Academy of Scienc
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Figure 2: The flux of protons with energies be-
tweens; = 91 ande, = 237 keV as a function of
time compared with the experiment [7].

by Integration Project no. 3.10 of Siberian Branch
of Russian Academy of Sciences, and by Rus- [6] B. E. Gordon, M. A. Lee, E. Mébius, K. J

sian Foundation for Basic Research (grants 05-02-

16412, 06-02-96008, 07-02-00221).

References

(1]

(2]

(3]

[4]

M. A. Lee, Coupled hydromagnetic wave ex-
citation and ion acceleration at interplanetary
traveling shocks, J. Geophys. Res.

E. G. Berezhko, S. I. Petukhov, S. N. Ta-
neev, Regular acceleration of particles at the
fronts of interplanetary shock waves, Astron-
omy Letters.

E. G. Berezhko, S. N. Taneev, lon Accelera-
tion and Alfven Wave Excitation at Interplane-
tary Shocks , in: Proceedings of the 29th In-
ternational Cosmic Ray Conference. August
3-10, 2005, Pune, India. Edited by B. Sri-
pathi Acharya, Sunil Gupta, P. Jagadeesan,
Atul Jain, S. Karthikeyan, Samuel Morris, and
Suresh Tonwar. Mumbai: Tata Institute of Fun-
damental Research, 2005. Volume 1., 2005,
pp. 323-326.

E. G. Berezhko, S. N. Taneev, Particle accel-
eration at the bow shock front, Kosmicheskie
Issledovaniia (In Russian).

802

| x|/r,
-0

- 0.00003
- 0.0003
- 0.003

- 0.03

- 0.1

O sWN =

Figure 3: Alfvén wave spectra, calculated for ¢
different distances upstream from the shock for
time moment 2 UT of August 27, 1978.
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