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Abstract

One of the most interesting results of the cometary flyby missions was the realizatior Ciat
magnetohydrodynamic rurbulence generated by the pickup process of freshly ionized cometary
particles results in fast pitch-angle scatiering of the newly implanted ions. This process rapidly
modifies the newly implanted ion pitch-angle distribution in the solar wind frame of reZerence from
the original pickup ring to a pickup shell distribution. It also seems 10 be established tha -he
implanted ions have an isotropic pitch-angle distribution in the decelerating solar wand frame of
reference. This paper presents a self-consistent description of the multispecies plasma flow
{composed of solar solar wind, cometary H* and O*) in the unshocked upstream region. The sclar
wind is treated as a fluid, while the evolution of the implanted ion distributions is described by
generalized transport equations. Solar wind particles are not produced (the cometary hydroges is
treated as different species) and are depleted by charge exchange. The vansport equations take into
account the adiabatic velocity change due 1o the deceleration of the flow, velocity diffasion, charge
cxchange loss, and the pickup of newly created ions. The model equations were numerice.ly
solved for comet Halley flyby conditions, and the results are compared with spacecmfi
observations. Our calculations imply that second onder Fermi acceleration can explain the implamed
spectra observed in the unshocked solar wind. The comparison of the measured and calculaced
distribution functions also indicate that field aligned transport of implanted ions potentally plays an
important role in forming the energetic particle environment of active comets.
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Introduction

It was recognized some twenty years ago (Biermann et al. 1967) that the expanding
cometary exosphere represents an extensive, "soft” obstacle for the supersonic and superalfvenic
solar wind flew. The resulting interaction pattern is very much different from the solar wind
interaction with other solar system bodies with gravitationally bound dense atmospheres and/or
sigrificant inwinsic magnetic fields. Neutral atoms and molecules of cometary origin, which at
large: cometocentric distances (r < 10* km) move along ballistic trajectories with velocities ranging
fron ~0.5 k;'s 10 a few tens of kamys, become ionized due 1o photoionization or charge exchange
with a characteristic ionization lifetime of 10% - 107 seconds (cf. Gombosi et al. 1986). The
ionization process introduces a new, practically stationary charged particle into a high speed
magnetized flow. In their pioneering work Biermann et al. (1967) assumed that the plasma flow
rapidly accommodates the new ions, i.e. the entire plasma population can be characterized bya
single temperture and flow velocity. This assumption made it possible to apply a single-fluid
hydrodynamic treatment for the continuously mass loaded plasma flow and to use the conservation
equations to describe the deceleration of the contaminated solar wind flow. Biermann &t al, (1967
had also shown that continuous deceleration of the solar wind flow by mass loading is possible
only up 1 a cerain point at which the mean molecular weight of the plasma particles reaches a
critizal value. At this point a weak shock forms and impulsively decelerates the flow to subsonic
velacities. Subsequent three-dimensional MHD calculations showed that for Halley class comets a
shoek wave with Mach number M=2 forms in the upstreamn plasma flow at a cometocentric

distance where the mass addition reaches the following critical value (Schmidt and Wegmann
1982):

LL 2 )
Py P-1 :

whee v is the specific heat mtio, p and u represent the mass density and flow velocity of the
contaminated solar wind flow, while p,, and u_ denote the same quantities in the undisturbed solar
wind.

" Wallis and Ong (1975) were the first to recognize that implanted cometary ions would not
accammodate -0 the solar wind flow; consequently the application of a single-fluid hydrodynamic
treatnent was Jnjustified. By assuming that the flow velocity was perpendicular o magnetic field
direction and tat the first adiabatic invariant of cometary ions was conserved (u=m;u?/2B=const,
B bexng the magnetic field magnimde) Wallis and Ong (1975) were 2ble to determine the implanted
partile distribetion function and combine it with the magnetohydrodynamic equations to obtain the
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contaminated solar wind flow parameters. In a subsequent calculation Galeev et al (1985)
recognized that cometary ions carry most of the hydrodynamic pressure and that charge exchange
cooling of the implanted plasma population can play a very important role in the dynamics of the
contaminated solar wind flow,

The first in situ observations of a cometary plasma environment (cf. the special issues of
Science (Vol. 232, pp 353 - 385, April 18, 1986) and Nature (Vol. 321, pp 259 - 266, May
15, 1986)) resulted in the detection of very high levels of magnetohydrodynamic turbulence
generated by the implanted cometary ion pickup process. These results prompted a whole series of
theoretical calculations with varying levels of sophistication anempting to establish the possible
presence of various plasmaphysical instabilities in the cometary environment (cf, Galeey 1986,
Galeev et al. 1986a., Sagdeev et al. 1986, 1987, Tsurutani and Smith 1986, Buti and Lakhina
1987). There seems to be & general consensus that these strong magnetohydrodynamic waves are
generated because the plasma flow velocity is not perpendicular to the interplanetary magnetic field.

Figure 1. is a schematic representation of our present understanding of the pickup
geometry. The plow shows a velocity space diagram in the inertial (solar) frame of reference (the V,
axis points towards the sun). ¥sw and V, represent the velocities of the solar wind flow and the
comet, respectively. It can be seen that the initial velocity of & newly bom cometary ion in the solar
wind frame of reference is Vy = V., - Vg (if one neglects the ouflow velocity of neutral cometary
particles). The dashed line indicawes the direction of the interplanetary magnetic field (IMF). The
freshly bom ion stants to gyrate around the magnetic field line with a magnetic moment of

L1

W= =5 @

(B is the IMF magnitude and V| denotes the velocity component perpendicular to he IMF
direction) and its guiding center accelerates to a velocity of Vi) due to the motional electric field
caused by the magnetic field line convection. The result of this process is that newly born particles
are distributed along a pickup ring (its projection to the ecliptic is shown in Figure 1). At the same
time there is no force to accelerate these particles along ficld lines, consequenily they “inherit” a
field aligned velocity of Vi Tt was shown that this field aligned motion of the pickup ring
generates 2 broad spectrum of magnetohydrodynamic turbulence: as a result of this process strong
Alfven waves propagate along the magnetic field lines in both directions {Winske et al. 1985,
Galecv 1986, Buti and Lakhina 1987, Sagdeev et al. 1986, 1987, Tsurutani and Smith 1986). In
the supersonic, superalfvenic solar wind flow the frequency of the excited waves is much lower
than the cyclotron frequency of implanted cometary ions, which in a first approximation interact
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with these low frequency Alfven waves without significantly changing their energy (in the solar
wind frame of reference). As a result of the rapid wave - particle interaction process the pitch
angles of the pickup-ring particles quickly become randomized in the solar wind frame of reference
and they become distributed on a shell (having a radivs of V;) around the local solar wind velocity
(Gary et al. 1986, Galeev et al. 1986b, Sagdeev et al, 1986, 1987). There is recent experimental
indication that this piclup-shell formation is not complete (Mukai et al. 1986, Neugebauer 1986):
nevertheless there seems to be a growing consensus in the literature that the distribution of freshly
ioniz=d cometary particies can, in fact, be reasonably approximated by a pickup shell in the solar
wind frame (cf. Galeev 1986).

Energetic particle measurements at comets Giacobini - Zinner and Halley {Hynds et al.
1986. Ipavich et al. 1986, Somogyi et al. 1986, Kecskeméty et al. 1986, McKenna-Lawlor 1986)
detected large fluxes of energetic particles. A significant part of the detected energetic ion
population was observed at energies considerably larger than the pickup cnergy indicating the
presence of some kind of acceleration process acting on implanted ions, It was first suggested by
Gribev et al. (1986) and Ip and Axford (1986) that second order Fermi acceleration (slow velocity
diffusion due to the interaction with propagating Alfven waves) is likely to play an important role
in accelerating the implanted cometary ions far upstream from the comets. Ip and Axford applied 2
simptified diffusion equation to study the potential consequences of this stochastic acceleration
process, while Gribov et al. (1986) used a quasilinear technique. Both methods led to similar
conclusions: in the solar wind frame of reference at high velocities (well above the ambient flow
velocity) the implanted ion distribution function falls off exponentially with an effective
temperarure, T,:

2
F(v) = exp( - ;l,; ) 3

Using VEGA magnetic field and plasma observations Gribov et al. (1986) calculated the radial
variatiom of T, in the unshocked solar wind and compared their results with energetic particle
specta. Even though the mode! predictions were of the right order of magnitude, the calculated
effective temperatre profile increased about a factor of 4 faster than the experimental values
indicating that simple quasilinear theory is unzble to account for the details of the acceleration
process. More recently Isenberg (1987b) published an elegant analytic solution to the transport
equaton describing convection, adizbatic acceleration and velocity diffusion. In order to be able to
obtaie an analytic solution Isenberg (1987b) neglected the exponential decay factor in the
exosgheric neutral densities (thus significantly overestimating the implanted ion source) and
assurmed a prescribed power law deceleration profile for the bulk flow velocity, nevertheless his
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solution represents a major step towards self- consistent modeling of the wpstresm regimn
accelenation of implanted cometary ions.

In this paper a self-consistent, thmeﬂnidmodelofphmmspmandimplanmbn
acceleration in dleunshockodsohrwindispresenmmsolnwindphm(mumedlommn
only protons and electrons) is depleted by charge exchange with the expanding comerary
cxosphere, while implanted protons and heavy ions (mainly O*) are produced by photoionizstin
and charge transfer and lost by charge exchange. A generalized transpoet equation, describiag
convection, adiabatic and diffusive velocity change and the appropriate production tenms, is used so
describe the evolution of the two cometary ion components, while the moments of the Boltzmaan
equation are used to calculate the solar wind density and pressure. The flow velocity is obtained
self-consistently by combining the conservation equations of the three ion species,

Governing squations

It is assumed that the velocity distribution of implanted cometary ions (H* and OF) 3
isotropic in the solar wind frame due to the tapid pitch-angle scattering by magneric fied
turbulence. In this case the phase space density, F, can be expressed as:

F = FLXV) @

where t=time, x=position vector, v=random velocity and v=Ivl. (Here and throughout the pager
three different notations will be used for vectorial quantities: when not marked by coordirae
subscripts, vectors are printed boidface in the text or marked by over-arrows in the equations. In
the equations written in component notation, summation is implied over coondinase subscripss
which occur twice.) The particle transport is described by the following Fokker-Planck equation

a_F+(u +v.)£§. - -v—i£+:ﬁﬁ+ﬂaui .a_F - .§£+.ﬂ_ Drlﬂ:. {5t

a Ya Y Y lay b av| PV ay
where w=mean flow velocity, 5F/Bt=source term, and Dyavelocity diffusion tensor. In thiz
transport equation spatial diffusion is neglected thus eventually enabling us 1o reduce the problsc
1o one spatial and one velocity dimension. As it will be peinted out at the end of this paper this
simplifying assumption is probably violated and spatial diffusion potentially plays an importars
role in the upstream region acceleration Pprocess. Al the same time this assumption makes &t
possible to consider the effect of second order Fermi acceleration on the implanted ion encIg-
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tpectrum in a sclf-consistent way, thus helping us 10 delincate the most important physical
pmesmleﬂin;bpndclemgiudminduvuyextmdedpnshockregiom

In the present model it is assumed that scattering by the magnetic field turbulence results in
mpud isotropization, therefore the velocity diffusion tensor is writien in the following form:

Dij = D&.lj 6
Usinglhisfmmﬂrevehcirydiffusionmminequdm(S)becom:
2p :lBF - l_a_ szal'-' D
vl V] Pl o

Fere the coefficient D, describes the diffusion of the magnitude of the particle velocity. A simple
cxpression for D was introduced earlier by Fisk (1976) assuming & second order Fermi
acceleration process due to interaction with propagating Alfven waves;

3 v
D 'TV:‘:: ®)
uhaehFaﬁmmingmun&eepuhudmchvcnvelocitycmbeexpmwdu
2
Vi = ®
axp, .

Pua being the 1ol ion mass density. The Fisk (1976) approximation was used by Ip and Axford

(1986} w investigate the potential importance of the second order Fermi acceleration at comets: they

assumed that due to the sirong scatiering process the mean free path, L, was approximazely equal

ta the ion gyroradius, r.. Recently a more sophisticated approach was adopted by Isenberg (1987b)

w0 used the quasilinear approximation (Iscnberg 1987a) to obxain the following velocity diffusion
D= LV

cocthicient:
T
Ze)'p (26 ) -
1+ Mme] g \u

where Ze, m and £2 represent the particle charge, mass and gyrofrequency, respectively, The
observed magaetic field frequency power spectrum, P, was approximated with the following
exaression above a critical frequency, fo:
£17
P() = Po(f_) an

o
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Here Py is the magnetic field wave power at the frequency, fp. It can be seen that by substituting a
y=1 value to equation (10) one obuains a velocity independent diffusion coefficient which

corresponds to a Fermi scattering mean free path of

1
L 9 B
— —— (12)
'n 81!2 fD PO

Substituting more or less typical parameter values observed in the comet Halley upstream region
(Acuna et al. 1986) one obtains that for heavy implanted ions the mean free path (L/r,) decreases
from several hundred (in the free streaming solar wind) to approximately 10 just at the baw shock.
In any case the Fermi scattering mean free path seems to be much larger than unity, comsequently
Ip and Axford (1986) probably cverestimated the significance of this process in thewr simple
diffusion calculation.

The 5F/5 term in the Fokker-Planck equation {eq. 5) describes the photoionization and
charge exchange of neutral particles, as well as the charge exchange loss of ions. When deriving
these terms it was assumed that the orbital velocity of the comet was much smaller than the plasma
flow velocity; this assumption is valid in the upstream solar wind and only breaks down in the
stagnation region well behind the shock. It was also assumed that implanied protoms do not
contribute to the solar wind population (in other words the pickup H* ions do not become
thermalized in the vicinity of the comet). The solar wind source term with these simplifications
becomes

§F F

puk L AU b 9P il L] (13)
5t l A,
The source terms of the implanted proton and heavy ion populations are:
3F __— -~ « F
— = FE+n-E L |72 (14)
5t L A
?
8F e o N -1 F
L A2 . 247 2 (15)
5 % A

where ny and ng represent the neutral hydrogen and heavy particle (mainly oxygen) densiies,
respectively. The charge transfer mean free paths of the protons and heavy ions are defined as
1
l_=°pn“|-t+°po“o (16)
[
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1
™ =0, 0y + 000, (n
h
Here 34, Spo. Capts A1 Gyqy represent the proton - hydrogen, proton - oxygen, heavy ion -
hydrogen and heary ion - oxygen charge transfer cross sections, respectively. The ionization
lifetirnes are defined as

—_—— — (18)

4 — (19
o Tophow  Tou

where Ty pnce AN To paow Tepresent the photoionization lifetimes, while the the neutral panticle
lifctimes for charge exchange are defined as

4. c,p“[l‘s‘:}, + l‘p"’] + 0, ¥ 20)
THer

L _ 0 o) {0)

on =04 [1(5“, + l‘P ] + G [r. 1)

The I function d=scribes the average jon flux with respect of the neutral particles and is defined
in Apaendix A.

The 83(u+v) muliiplication factor in equations {14) and (15) expresses the fact that right
after ‘onization the new particles are at rest and their accommodation to the flow requires the
redistibution of the available momentum and enetgy. By using this source term it is implicidly
assumred that the mewly bormn ions instantancously form a shell distribution, otherwise (14) and
(15) would violate our assumption about the form of the distribution function (equation 4).

The generalized implanted ion wansport equation is obtained from the Fokker-Planck
equation (eq. 5) by averaging over the velocity space angular distribution (i.c. by applying the
integral operator

1
EI‘“"
to eq. 5):
F  F vuoF 1_Q_szap) G n,

—_— L — e ——— T — - —uF + «
a o ax daav JVoav e

2
dntyv
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Here n, represents the appropriate neutral density (hydrogen or oxygen), A is the charge exchange
mean free path and

v:
1 + e u>v
3u
Glu,v) = 25)
v u2
-1+ e— usv
u 3v2

This ransport equation (eq. 22) was applied to the two implanted ion specizs, whike the
overall flow characteristics were obtained by caiculating the moments of the original Fokker-Panck
equation (eq. 5). By applying the Jav, Jdvv;, and fivv2 operators one obtains the following

continuity, momentum and energy cquations:
on on a"i nn I(o)

—t Ut n— =1 (21)
a  ‘ax o % A

du, du,  gp n ™
MA—+ MOy, — +— =-mu—-my— 25

ox.  Ix, t A

op % 5 9 m m22% m2 @
i ui-é-x_i+ 3]) —3-‘1701’1 +—3-I] ?.Tu T m
The functions I(0), [(1), I2) and Fyare defined in Appendix A, while the quantity T, is given by:
e AL
By = BV Z‘) p,,(—‘?-) (-‘.) @
1y+2) mc 9] u

It should be noted that there is no velocity diffusion of solar wind jons ( T sw=0).

Adding the three continuity, momentum and enCIgy equations one obtains:

dp
"'" + -a..( pmn) = p—" + p_o . 22([:?4-[(0)) - E:h-l::o) (28
ES Wty A Pl
du, du  dp, Pk P N my
Pt + iy DPin 1Pk Po _p_(lt)+l())+_c1) s
" 3t p'“’ax ox, e, 1, av™ r A h

H 0 P h
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, . I
= + "‘_ax + iphs,: = i(mp"’o.p’.,_,"“‘h”u?y.n) +
L

30)
2
. 53_ P, Po :'.z(xﬁ’”f’) . ﬂllhn
tl'l 10 1'p 7"h
where the il mass density and pressure are defined as
Pin = Pe + P, + By a1
Poo ™ P + P, + B, (32)

In a steady-siate case the vpstream region momentzm and €nergy equations can be
combined to yield

@ ] SPoqu o - Dy - W - au?| 2, Fo 5
& 3paU -5p,, w To
wl'msnthepnhlengthllongmephmﬂowhm.A(s):ﬂowmafnncnon.Andesmd
D =mp -l-mhﬂ)ml (34)
2 0 n_ @ m_ a2 M oy
W= 1-2[ 31:,-1“) (31 -1 )] ul (3[,‘ -lh) (35)
P h

In our model it is assumed that the solar wind particles follow & Maxwellian velocity
dis::ibmion.whiledleimphnwdionsinnuphmahmofmfaememdcsaibedbyanimopic
disxibution function, consequently the sieady state solar wind is described by the following fluid
equatons (it should be noted that the flow velocity is detcrmined by equation (33)):

d.l'l“ A’ N du l:?v} 16
E T S e eo
P
(2)
., S A 5P,du u L,
E R L S rar i L e 67
| 4

The implanied ion transport equarions are;
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F. D 3F . aF n,, 8(u-v)
a_r.:_f._f.-n. ii+1ld_u+29 130 —L . 2 + H—z(js)
ds oot 3A 3uds uv av lp " dnt,uv

#, D, [va via 2D, 19D,]3, o B, S(u-+)

— e it | c— - — — +_? —-—Fh+———-ﬁ~‘39)
Js u sz 3A 3uds wuv u v A’h 43.:0

Results end discussion

In the present set of model calculations equations (33) and (36-39) were solved
simultanecusly using an implicit Crank-Nicolscn method. In order to do this we also had to define
a neutral exosphere and a magnetic field turbulence power spectrum model. For the neutral
densities the following expressions were used

1

n, = - exp -Idr (40)
41!1' VO n‘ vo to
2
n, = ?O exp dr—--- 1-exp L3}
4n e V R, v

Here Qg is the neumal oxygen production rate (it is assumed that the comet is water dominated,
therefore Qo=Quz0). Vo and Vy are the O and H exospheric radial velocities, while Ay, is an
average molecular dissociation scalelength producing hydrogen and heavy neutral parncles. The
factor of 2 in eq. (41) comes from the assumption that the comet originally produces waier vapor
molecules which eventually dissociate 1o two H and one O atoms. In the present calculations
Qo=10% molecules/s, Ay, =2x10¢ km, V=1 ks, and V=10 km/s values were adopted based
upon comet Halley observations (cf. the special issue of Nature (Vol. 321, pp 259 - 366, May
15, 1986) and the proceedings of the Heidelberg comet symposium (Proc. 20th ESLAB
Symposium on the Exploration of Halley's Comet (eds. B. Baurick, E.I. Rolfe and R.
Reinhard), ESA SP-250, Vol. 1-3, 1986)). The 1y and 1 quantitics were calculated wsing
equations (18) and (19) with the following parameter values:

R
Cn = "po =20y =G = 1x10" "cm
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Tghow = 1-11x10" d” seconds

6 2
to'wh = 4.05x10 d" seconds
wher= d is the heliocentric distance in AUs.

Based on VEGA-1 and -2 obscrvations Galeev et al. (1986b) showed that the encrgy
densimy of excited Alfven waves increases exponentially as one approaches the comet. It was also
showa by Galeev et al. (1986b) that the characieristic scalelength of this exponential increase is
appraximately the same as the exospheric neutral ionization scalelength. At the same time the
GIOTTO magnetometer results (Acuna ¢t al. 1986) indicate that at a cometocentric distance of
~1.5x100 an the power level of the magnetic field rrbulence was about Py=(30+60) Y2/Hz near
the heavy ion gyrofrequency (Qp=2nfy=ZeB/mgc). On the other hand observations at comets
Gincdbini - Zinner and Halley (Tsurutani and Smith 1986, Acuna et al. 1986) showed a magnetic
field +pectral index of y=5/3. On the basis of these measurements and theoretical considerations
tGaleev 1986) the power leve! of the magnetic field turbulence is approximated by the following
CXPression:

P =P

o= P 42

m— -

wherr Fg ., is the wave power of ambient fluctuations in the solar wind under average conditions,
while the wave power generated by the pickup process can be approximated as (cf. Galeev 1986)

1 1
Poimplene ™ 5Py ¥ VA a (43)
o
In the presest caXkulations a constant magnetic field magnitude of B=10y was adopted in the

unshacked flow, while the ambicnt fluctuation level was assumed to be Py =5 y2/Hz.

Equations (33) and (36-39) were solved simultaneously in the unshocked plasma flow
along flow lines parallel-to the sun - comet line. In this region the change of the flow tube cross
sectienal area (the area delimited by specific streamlines) is not very important (cf. Wallis and Ong
1975, Galeev et al. 1985), therefore the A/A 1erms were neglected. The initial condition described
an undisturbed satar wind flow (u,,, =500 ks, n,, =10 cm?, T,,, =103 K) at an distance of
07 km upstream along the flow line with no implanted ions. The partial differential cquation

systera was solved using a fixed spatial step size of 100 km and a velocity space grid size of 10
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kmys: 1000 grid points weze used 1o describe the implanted H* distribution function, while the ar*
distribution was characterized by 300 points. The boundary conditions were

F(t, X, v=es) = 0 (4
and
IF(t. X, v) o ”
v - (
val)

In other words the distribution function vanishes for very large velocitics and there is no velociy
gradient across the va() point. The calculation was stopped when the flow Mach number decreassd
1o a value of 2, where three dimensionat MHD calculations predicted the formation of & wesx
shock (cf. Schmidt and Wegmann 1982).

Figure 2, shows the variation of the implanted ion velocity diffusion coefficients (forn
velocity of vau), the diffusion mean free path and the magnetic fieki power (at a referenee
frequency of fy=0.01Hz) along the subsolar streamline. It can be easily seen that the mean free
path of the second order Fermi acceleration decreases dramatically as one approaches the comew
The power of the magnetic ficld turbulence starts to exceed the interplaneiary level at around 2x10%
km upstream of the comet and reaches about 200y2/Hz at the shock. Figure 3. shows the vaniation
of the cxospheric neutral densities, charge exchange mean free path and ionization lifetimes alor 2
the same subsolar flow line. Inspection of Figure 3, reveals that the ionization lifetime of meutrsl
hydrogen and oxygen is fairly constant along the stream line and its value is determined 1o 3 large
cxient by the charge ransfer cross section between the cometary neutrals and solar wind iors (the
photoionization liferimes are much larger than the values shown in Figure 3). The charge exchang
scalclength decreases from 101! km at a distance of 107 km to about 107 km near the "shock*
(defined as the M=2 point). This means that even though the charge loss of ions is fair>
insignificant, it represents a sizable contribution to the ionization source.

Figure 4. shows the plasma flow deceleration along the subsolar flow line due to variows
processes. It can be seen that beyond ~6x106 km the most of the deceleration is caused by the H-
mass loading, while closer W the comet the O* mass addition is the major deceleration source, Iy 3
interesting to note that near the shock wave the implanted O* loss and H* mass addition ane
causing comparable decelerations. Figure 5. shows the the flow velocity, Mach numsber, particke
number density and pressure along the subsolar flow line. Inspection of Figure 5. shows that the
flow velocity does not show any significant change beyond ~2x10¢ km, while the Mach number
starts 1o decrease much earlier due 1o the increase of the total pressure. 1t should be noted that eve-
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though in the vicinity of the shock the plasma pressure is dominated by the heavy implanted ion
pressure, the implanted ion concentration never exceeds a few percent of the total plasma density in
the unshocked fiow. This result of the present numerical simulation is a good justification of the
basic assumpsion used in an earlier paper (Galeev et al. 1985).

Figures 6. and 7. shaw the evolution of the implanted H+ and O* distributions along the
subsolar flow linc. The plots show four “snapshots” at 7x10% km, 4x106 km, 1x105 km and the
"bow shock” (located at a cometocentric distance of 0.37x 106 km). Inspection of Figures 6 and 7
reveals that the distribution functions peak at the Jocal plasma flow velocity and rapidly decrease 1o
both directions. The high energy tail of the distribution function can be well approximated by an
exponential as predicted by several previous papers (cf. Ip and Axford 1986, Gribov et al. 1986,
[scnberg 1987b). Figure 8. shows the variation of the effective asymptotic temperature of the O+
diswribution fanction along the subsolar flow line (in order to achieve casy comparison with the
temperature values derived from the Tinde experiment onboard the VEGA spececraft the
asyruptotic temiperature is defined in this paper as the average slope of the O distribution function
between 100 and 120 keV). It can be seen that this "scaling” temperature gradually increases up 1o
about 1.5%10% kun, when a rapid "heating” takes place due 10 the exponentially increasing magnetic
field wrbulenoe level.

Figures 9. and 10. exhibit snapshots of calculated implanted ion distributions along the
VEGA-1 tajectory. These distributions behave quite similarly 1o those calculated for the subsolar
stream lines with oac notable difference: now the magnitudes are about rwo orders of magnitude
smaller at the bow shock than along the subsolar flow line. This fact is quite understandable
because there is much less mass addition along flow lines not passing through the the dense inner
coma region, consequently there are much fewer particles o accelerate 1o higher energies. Figure
11. shows the calculated O effective temperawre along the VEGA-1 trajectory together with the
observed values (Kecskeméty et al. 1987): the agreement scems to be quite remarkable. It should
be noted that an analogous effective temperature profile was calculated by Gribov et al. (1986)
combining & quasilinear approximation with VEGA particles and ficlds measurements: they
predicted = much faster than observed increase of the temperature profile along the VEGA
trajectory.

The observed VEGA-1 distribution at the comet Halley bow shock (Kecskeméty et al.
1987) is shown in both Figures 7. and 10. A simple comparison of the these values reveals that
there is a sigmificant discrepancy between the measured and calculated values for the VEGA
trajectory. This discrepancy is probably a result of the neglect of the spatial transport of implanted



16 T.1. Gombosi: Acceleration of cometary H* ad O,

ions along magnetic field lines: in the present one dimensional calculation this potentially imporant
effect was not taken into account. As the shape of the implanted ion distributions evolves quize
similarly along different flow lines (because the shape of the distribution function is mainly
determined by the magnetic field fluctuation level in the mildly disturbed solar wind, where mast of
the Fermi acceieration takes place), the neglect of ficld aligned transport mainty results in an
uncertainty of the magnitude of the disaribution function, while the effective temperatures seem o
be fairly insensitive to the presence of spatial diffusion.

Summary

In this paper a self-consistent three-component model of plasma transport and implantest
ion acceleration in the preshock region was presented. The ambient solar wind plasma was treased
as a fuid, while the implanted cometary ions (H* and O*) were described by Fokker-Plancx
transpott equations. The physical model assumed that solar wind particles follow a MaxweRiaa
distribution drifting with a gradually decreasing flow velocity and are lost by charge exchange win
cometary neutrals. The implanted ions are continuously created by photoionization and charg=
exchange of the cometary neutrals and lost by charge transfer. The model assumes tha spatial
transport is dominated by convection (spatial diffusion effects are neglected in the presem
approximation) and that implanted ions undergo fast pitch angle isotropization (in the solar wind
frame of reference) and a much slower velocity diffusion process caused by second order Fermi
scattering on propagating Alfven waves.

The coupled hydrodynamic - kinetic fransport equation system was numerically solved foc
conditions similar to those in the preshock region of comet Halley during the VEGA-1 encounter.
The results indicate that second order Fermi acceleration is probably the main source of implanted
particle acceleration in the unshocked solar wind, There is also indication that in addition w0 Fermi
acceleration field aligned transport of implanted ions tnay also play an imporant role in determining
the energetic particle fluxes in the vicinity of comets,
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Appendix A
Seme quantities related to the moments of the distribution function

It can be shown that
Jldﬂv v, =0 (AD)
4
Idﬂ' vy = =V, (A2)
J.d.Q' Yivive =0 (A3)
4n 4 5 5
Ja@, vy vwy = FE 88,8, + 880 | a9

Based on the non-vanishing moments of the distribution function the following quantities
can be defined:

n(tx) = 4n J-dv v F(t, X, v) (A%)
0
- 4an £ 4 -
pit,x)} = 5 mJ.dv v F(t, x, v) (AS)
0
- 4x - 1 -
qLx) = o Idv v F(t, x, v) (AT
0
By using the simple identity
Idv vE L sIdv v1E (AB)
Q ov 1)
the foliowing:elaﬁon can be obtained
P = 41rjd\rv2-a_ v“‘rﬂ:. :81;(7+2)J.dvvl"fF (A9)
Y H v v ;

The charge exchange retawed loss terms can be expressed as
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Appendix B
Moments of the Maxwsllian distribution

’n this case the distribution function is
2
- n ¥
F(i,x,v) = expg - =
T

where

2p
"o"\/m

The foucth moment of the distribution function now can be expressed as
2
P

q-——

mn

Introducing the following dimensionless quantity
x =

Yo
onc can calculate the M, quantities

M, = %nux;[l -erf(xo)]
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The charge exchange loss functions:
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The source functions appearing in eqautions (33) and (37) are
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Figum 1.

Figure 2.

Figure 3.

Figuse 4.

Figue 5.

Figum 6.
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Figure captions

Schematic representation of the implanted jon pickup geometry. This velocity space
diagram is a projection to the ecliptic plane in the solar frame of reference (the V,
axis points towards the sun). Ve and V¥, represent the velocities of the solar wind
flow and the comet, respectively. It can be seen that the initial velocity of a newly
bom cometary ion in the solar wind frame of reference is Vi = V- Vg (if one
neglects the outflow velocity of neutral cometary particles). The dashed line
indicates the direction of the interplanetary magnetic field (IMF). B is the IMF
magnitude, Vi, denotes the velocity component perpendicular to the IMF direction,
while Vy, is the field aligned velocity. This field aligned motion of the pickup ring
generaies a broad spectrum of magnetohydrodynamic murbulence. As a result of the
strong wave - particle interaction process the pitch angles of the pickup-ring
particles quickly become randomized in the solar wind frame of reference and they
become distributed on a shell having a radius of V; around the local solar wind
velocity.

Variation of the relative Fermi scattering mean free path, velacity diffusion
coefficient and magnetic turbulence power level along the subsolar flow line. The
dotted and dashed lines represent H and O, respectively.

Variation of the neutral particle concentration, charge exchange scalelength and
ionization lifetime along the subsolar flow line. The dotted and dashed lines
represent H* and O*, respectively.

Flow velocity deceleration along the subsolar flow line, The individual curves
represent the contribution of the following processes: H* ion implantation, O* ion
implantation, H* diffusion, OF diffusion, solar wind charge exchange loss, H*
charge exchange loss, and O charge exchange loss.

Variation of the flow velocity, Mach number, ion concentration and pressure along
the subsolar flow line, The solid lines in the concentration and pressure diagrams
represent the solar wind, while the dotted and dashed tines represent H* and O,
respectively.

Implanted H* dismibution functions along the subsolar flow line.
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Figure 7.

Figure 8.

Figure 9.

Figure 10.

Figure 11.

T.J. Gombosi; Accelerstion of cometary H* and C.

Implanted O* distribution functions along the subsolar flow line. The diamonds
represent the phase space density values observed by VEGA-1 right before: it
crossed the bow shock.

Variation of the effective implanted heavy ion temperature (defined in the texs) along
the subsalar flow line.

Calculated implanted H* distribution functions along the VEGA-1 trajectory.
Calculated implanted O* distribution functions along the subsolar flow line. The
diamonds represeat the phase space density values observed by VEGA-1 rign

before it crossed the bow shock.

A comparison of the calculated and measured effective heavy ion temperatare valnzs
along the VEGA-1 trajectory.
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