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The influence of magnetic clouds on the propagation of energetic
charged particles in interplanetary space

M.-B. Kallenrode
Dept. of Physics, University of Osnadluk, Barbarastr. 7, 49069 Osnébk, Germany

Abstract. Magnetic clouds modify the structure of the in- 2 The Model
terplanetary magnetic field on spatial scales of tenth of AU.

Their influence on the transport of energetic charged particle$ince we are concerned with particles with energies in
is studied with a numerical model that treats the magnetidVieV and tens of MeV range, solar wind effects such as ¢
cloud as an outward propagating modification of the focus-vection and adiabatic deceleration are of minor imports
ing length. As a rule of thumb, the influence of the magnetic (Ruffolo, 1995), in particular, if we are concerned with
cloud on particle intensity and anisotropy profiles increasedong-lasting injection from a propagating interplanetary sk
with decreasing particle mean free path and decreasing partfLario etal., 1998; Kallenrode, 2001). For a first approact
cle speed. Special attention is paid to energetic particles runthe influence of a magnetic cloud, we therefore started f
ning into a magnetic cloud released at an earlier time: herdhe model of focused transport (Roelof, 1969):

the cloud acts as a barrier, storing the bulk of the particles maf of 1-u® of 0 ( of

its downstream medium. - S e Y WA =
ot TP T o o T o “a,) Qs b, )

with f(t, s, 1) being the distribution functior, time, s dis-
tance along the Archimedian magnetic field spitglparti-
cle speedy pitch cosineg(u, s) pitch angle diffusion coef:
1 Introduction ficient, and((s) = —B(s)/(0B/0s) the focusing length.
The terms in the transport equation from left to right
scribe the field parallel propagation, focusing in a magn
The propagation of energetic charged particles through interfig|d with focusing length( (s) depending on distance, ai
planetary space normally is described by a transport equapjtch angle scattering. The source term is allowed to pre
tion which considers the effects of field-parallel propaga- gate along the field line, simulating the long lasting inject
tion, pitch-angle scattering at magnetic field irregularities, of energetic particles from a shock as described in Kalleni
and focusing in the diverging interplanetary magnetic field gng Wibberenz (1997), the transport of energetic parti
(Roelof, 1969) or, in addition to the above effects, also con-through the shock front is treated as described in Kallen!
vection with the solar wind and adiabatic deceleration (Ruf- (2001).
folo, 1995). Focusing always is considered for simple ge-  The magnetic cloud is assumed to be of spherical ¢
ometries, in general the Archimedian spiral field, althoughgection with the interplanetary magnetic field draped s
variations in the large scale magnetic field structure, in Parmetrically around it, cf. Fig. 1. Note that the main change-
ticular propagating magnetic flux ropes (ejecta following coropompression of the interplanetary magnetic field at the fle
nal mass ejections, CMEs, also called magnetic clouds; fopf the cloud. The magnetic cloud is characterized by its
a review see e.g. Burlaga, 19_95), modify the local focusinggmetera as a certain fraction of the distaneg,o. of the
length and therefore also particle propagation. shock from the Sun, the distangeof its leading edge fron
This paper presents a numerical model which allows thethe shock, also expressed as a certain fraction;fx, and
description of the influence of a magnetic cloud on the prop-its magnetic compression; at the flanks. For application:
agation of energetic charged particles. these data can be inferred from the observations; for the
merical study below we use = 0.2 andg = 0.1 (Bothmer,
1993). Withs; = s(rshock — (+3)) andss = s(rshock — 3)
Correspondence tayl.-B. Kallenrode (mkallenr@uos.de)  this configuration than is translated into a sinusoidal varia
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Fig. 1. Cross-section (perpendicular to the plane of ecliptic) for the [
undisturbed expanding magnetic field (top) and a field disturbed by _al
a magnetic cloud. The filed converges at the flanks of the cloud. 0 20 0 60 80
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of the focusing lengt
g gt Fig. 2. Solar energetic particle event (lower set of curves) and s

Go(s) fors < s; accelerated particles (upper set of curves) followed by a mag
C(s) = { Co(s) % Go(s) sin ssz—_ssl1 f(rg) fors; <s < sy cloud. The upper pa_nel gives |nte_nsmes for the two scenarios
Col5) fors > sy lower ones anisotropies (shifted with respect to each other).

and a corresponding elongation of the interplanetary mag-
netic field line. Thet allows for the consideration of the ayent. The shock arrives at the drop in particle inter
magnetic cloud or a void in the field instead of the cloud.  4round 50 h. The solid line gives the particle event w

Asymmetric draping of field lines (Vandas et al., 1996) can gt ejecta, the dotted lines are for a cloud geometry w
be considered by assuming a stronger (or weaker) comprespagnetic compressions at its flank of 1.3 (lower amplitt
sion of the magnetic field with a more (or less) pronouncedyng 2. The latter value is in agreement the values infe
elongation of the field line. from numerical simulations (Vandas and Romashets, 20

Note that this approach allows us to describe the particle The presence of the magnetic cloud leads to: (1) a s

propagation in a flux tube draped around the magnetic CIouciincrease in intensities upstream of the cloud by a few

but not the features of energetic particles directly inside thecent, (2) a strong drop in intensities downstream of the ¢

cloud! It also does not consider the cross-field transport ofby about an order of magnitude, depending on the streng
engrgetic particles from the ambient medium into the mag-a magnetic compression, anc,l (3) a sharp drop of inte
netic cloud. at the time of cloud passage (remember, this is at the fl
not inside the cloud!) combined with a strong anisotr
indicating a net-streaming of particles from the cloud’s
stream medium (where intensities are high) into its do

Figure 2 shows intensity and anisotropy profiies for a SO_Stream medium (Where intensities are |0W) Note that tl
lar energetic particle event (lower set of curves; observegffects are very similar for a simple solar injection as v
at 1 AU, particle speed, = 1 AU/h corresponding to~ as for the continuous particle injection from a propaga
10 MeV protons, radial mean free path = 0.1 AU, §-  interplanetary shock.

injection on the Sun) followed by a magnetic cloud with a  Quantitatively, the influence of the magnetic cloud deps
constant speed of 800 km/s (no shock with particle acceleron particle speed and strength of the interplanetary sci
ation considered here). The upper set of curves is for partiing. With increasing scattering, the increase in upstrear
cles accelerated at a shock with constant speed of 800 kmtgnsities increases while the drop in downstream inten
and constant acceleration efficiency, followed by a magnetiadecreases. The intensity drop at the time of cloud pas
cloud. All other parameters are the same as for the solars independent of scattering while the anisotropy decre

3 Numerical Results
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tailed description see Kallenrode, 1997). The passage
magnetic cloud is marked by a filled rectangle, interplane

_ _ . _ _ field lines draped around the cloud are represented by tt
Fig. 3. Same as Fig. 2, but the magnetic cloud is running ahead

) ! 'Lacent open rectangles. These latter field lines are the
of a solar energetic particle event (lower set of curves) and a shocWhich can be approximated in this model while the field li
accelerated particle event (upper). PP

inside the cloud are not considered. For modeling, this €
is a challenge in so far, as it shows a rather strong incre

I . . . . . Jntensity towards the shock combined with a drop in inter
with lincreasing scattering. With decreasing particle spee short before the arrival of the magnetic cloud. This is im|
both upstream intensity increases and downstream intensit
drops increase and the negative anisotropy inside the clou annot be removed fast enough to get a significant dec
becomes more pronounced. Thus faster particles are Iesrﬁ intensity. If the magnetic cloud is considered, howe
influenced by the presence of the magnetic cloud than Aot only int.ensities upstream of the cloud can bé fitted

slovyer ones.' . also the fast decrease of intensity associated with the &
Figure 3 gives the same set of curves as Figure 2 excepit the field lines draped around the cloud and the reduce
that the ejecta has started 24 hours prior to the release %nsity in the cloud’s downstream medium can be desci
the energetic particles in a different solar event. In this Cas&yroperly. The description fails, by definition, right inside
the ejecta is running ahead of the particles and is at a radigl|q,,d since the model only gives intensities along the
distance of about 0.5 AU at the start of the particle injection. |ines draped around the cloud but not inside the cloud -

Agﬁin, solid lines are calculated without ejecta, dotted Onessatellite, on the other hand, cuts right through the cloud.
with.

The most important results are (1) a pronounced decrease
in intensities upstream of the magnetic cloud combined with4  Discussion
(2) a pronounced increase in intensities downstream of the
cloud, and (3) a strong drop in intensity at the time of cloud The influence of a magnetic cloud on the interplanetary
passage combined with a pronounced positive anisotropy, inagation of energetic charged particles is treated numer
dicating a net-streaming of particles from the cloud’s down-py introducing a moving bottleneck into the model of
stream into its upstream medium (again following the gradi-cused transport. The cloud is characterized by its spee
entin particle intensities). Again, effects are very similar for distance from the shock, its width, and the magnetic ¢
a solar injection and a continuous injection from a propagatpression resulting from the draping of the IMF around
ing shock. These results strongly point to a barrier effect ofcioud. Note that this method does not allow to simulate
the magnetic cloud for the propagation of energetic particlesticles inside the cloud! Important results are:

Figure 4 shows a comparison between a model run andl) If the cloud follows the particle source, the upstrean
the Helios observations in the 27 May 1981 event (for a detensity is increased by a few percent for 10 MeV prot

Time [h]

ible to model in a simple transport model because pari
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under average scattering conditions£ 0.1 AU). First examples are described in Kallenrode and Cliver (2(
(2) This increase increases with decreasing energy and in-

creasing scattering.

(3) The downstream intensities are reduced by about an ordereferences

of magnitude. .
. . . Burlaga, L.F., Interplanetary Magnetohydrodynamics, Oxford
(4) If the cloud is ahead of the particle source, it is an effec- vergsity Press, 19%5_ yMag y y

tive barrier for particle propagation. Bothmer, V., 1993. Die Struktur magnetischer Wolken im Son
(5) The model allows to fit observations, although by def-  wind. Ph.D. thesis, Univ. Gttingen
inition intensities and anisotropies inside the cloud are notkallenrode, M.-B., The temporal and spatial development of !
described correctly. proton acceleration at interplanetary shocks, J. Geophys.
All these properties can be understood from the modified 102, 22347, 1997. _
focusing: viewed from the outside, the bottleneck configu-Kallenrode, M.-B., Shock as a black box II: Effects of adiab
ration shows a converging field and thus reflects part of the gggi'erat'on and convection included, J. Geophys. Res., in
particles. As a consequencs, the cloud is .a barrier that Serkallenrode, M.-B., and G. Wibberenz, Propagation of particle:
arates the gpstream and_dovv_nstream medium and ?‘!IOWS for jected from interplanetary shocks: A black box model an
markedly different intensities in both of them. Intensities are  consequences for acceleration theory and data interpretati
higher on that side of the cloud where the source is located Geophys. Res. 102, 22 311, 1997.
(upstream in case of a traveling shock, downstream in casg&allenrode, M.-B., and E.W. Cliver, Rogue SEP events: Mode
of a magnetic cloud from an earlier event). At the bottle- Proc. 27th ICRC, this volume, 2001.
neck intensities are reduced because only the relatively smallario, D., B. Sanahuja, and A. M. Heras, Energetic particle ev
number of particles just in transit can propagate through. In efficiency of interplanetary shocks as 50 kevE < 100 MeV
addition, anisotropies are relatively high because only parti- Protons accelerators, Astrophys. J., 509, 415, 1998.
cles with small pitch angle can propagate into the bottleneck-210: D-, M. Vandas, and B. Sanahuja, Energetic particle prof
Changes in intensity and anisotropy related to the presence pon in the _downstrem region of transient interplanetary shc
. . . in Solar Wind 9 (eds. S. R. Habbal, R. Esser, J. V. Hollweg,
of the cloud increase with decreasing energy and mean free

hb in th il | in the vici P. A. Isenberg), p. 741, 1999.
path because In these cases particles stay longer in the V'C'rll_'evy, E.H., S.P. Duggal, and M.A. Pomerantz, Adiabatic Ferm

ity of the cloud and thus can perform multiple interactions.  gjeration of energetic particles between converging interp
For weak scattering and high energies, on the other hand, tary shock waves, J. Geophys. Res., 81, 51, 1976.
once a particle has passed the cloud it has only a small returRuffolo, D., Effect of adiabatic deceleration on the focused tr
probability. The enhancement of the barrier function of the port of solar cosmic rays, Astrophy. J. 442, 861, 1995.
cloud with increasing scattering also had been proposed byRoelof, E. C., Propagation of solar cosmic rays in the interplan
Lario et al. (1999). magnetic field, in Lectures in High energy astrophysics (ed
A relatively unexpected effect was the strong barrier action  ©gelmann and J. R. Wayland), NASA SP-199, p. 111, 1969
of a cloud ahead of the particle source. Since SOHO observast- €Y. O- C.. R. A. Howard, N. R. Sheeley, Jr,, S. P. Plunkett,
tions show a large number of CMEs during solar maximum  Michels, S. E. Paswaters, M. J. Koomen, G. M. Simnett, |

. . Thompson, J. B. Gurman, R. Schwenn, D. F. Webb, E. Hilc
(about 2/day, cf. St. Cyr et al., 2000), magnetic clouds in in- and P. L. Lamy, Properties of coronal mass ejections: St

t_erplanetary space ahea‘?' of a particle source m?ght be a re_la- LASCO observations from January 1996 to June 1998, J.
tively common feature. Fits of a transport equation on parti-  phys Res., 105, 18169, 2000.

cle events neglecting the influence of a magnetic cloud might/andas, M., S. Fischer, M. Dryer, Z. Smith, and T. Detman, Si
be faulty. This might explain part of the discrepancy between |ation of magnetic cloud propagation in the inner heliosphe:
particle mean free paths determined from fits and particle two-dimensions, 2, A loop parallel to the ecliptic plane and
mean free paths determined from the analysis of magnetic role of helicity, J. Geophys. Res. 101, 2505, 1996.

field fluctuations (Wanner and Wibberenz, 1993). In addi- Vandas, M., and E. Romashets, Drapery of IMF around mag
tion, the barrier properties of the magnetic cloud as demon- clouds of different geometry, submitted to J. Geophys. Res.,
strated in Figure 3 can be used to simulate rogue events wher&anner, W., and G. Wibberenz, A study of the propagation of :
converging shocks lead to unusual high particle intensities as ggirsgeltgcggrotons in the inner heliosphere, J. Geophys. Re
described for the August 1972 event by Levy et al. (1976). ' '



