
MHD turbulence caused by a comet in the solar wind 
A. A. Galeev, A. N. Polyudov, R. Z. Sagdeev, K. Szegd, V. D. Shapiro, 
and V. I. Shevchenko 

Institute of Space Research, Academy of Sciences of the USSR 
(Submitted 20 November 1986; resubmitted 22 January 1987) 
Zh. Eksp. Teor. Fiz. 92,2090-2105 (June 1987) 

The loading of the solar wind by heavy cometary ions results in the excitation of AlfvCn 
turbulence. As the AlfvCn waves cause the distribution function of the comet ions to become 
more nearly isotropic, they set up a collective mechanism for the entrainment of these ions by 
the solar wind and thereby strongly influence the motion of the loaded solar wind and the 
position and structure of the comet shock wave. Like the shock waves of cosmic rays, the 
cometary shock wave is of dissipative nature. The width of its front is greater by a factor of at 
least m,/m, (the ratio of the masses of the heavy ion and the proton, respectively) than the 
width of the front of a planetary shock wave. The results derived here agree with observational 
data from recent fly-bys of comet Jacobini-Zinner and Halley's comet by space vehicles. 

INTRODUCTION 

One of the most unexpected discoveries during the fly- 
bys of comet Jacobini-Zinner' and Halley's comet2 was the 
presence of intense magnetic fluctuations, which are seen in 
the solar wind even at large distances (on the order of several 
million kilometers) from the comet. It has been suggested3 
that these fluctuations result from an ion cyclotron instabil- 
ity which is excited when the solar wind is loaded by comet 
ions. In the present paper we present a detailed nonlinear 
theory of the phenomenon. 

We know that when a comet passes near the sun, it is 
surrounded by a substantial cloud of gas consisting of neu- 
tral molecules (mostly H,O) which are evaporated from the 
surface of the core of the comet by solar radiation. At a dis- 
tance of 1 a.u. from the sun, the gas flux is Q = 5.10'' mole- 
cules/~ for comet Jacobini-Zinner4 and Q = 1.3. lo3' mole- 
cules/~ for Halley's comet.5 Neutral molecules, moving at a 
typical velocity v, = 1 km/s, are photoionized, and heavy 
comet ions are produced in the solar wind. The time scale of 
the photoionization is T = lo6 s, so the solar wind is per- 
turbed by the cometary ions even several million kilometers 
away from the comet. 

In the plane perpendicular to the magnetic field, the 
newly produced ions move in the crossed electric and mag- 
netic fields of the wind, i.e., along cycloids: 

v,=a,[I- cos uHi(t-to) 1, vy=ul  sin oe, ( t - to) ,  
(1 

where u, = cE /H is the velocity of the solid wind across the 
magnetic field, to is the time at which the ion is produced, 
and wHi is the ion cyclotron frequency. 

If the magnetic field is directed perpendicular to the 
direction of the solar wind, the comet ions are entrained by 
the solar wind, while they simultaneously execute cyclotron 
gyration around magnetic field lines. The energy of the cy- 
clotron gyration of the heavy ions, $, = miu2/2, is extreme- 
ly large (for water ions at u = 400 km/s, for example, it is 
F?, = 16 keV), so that the solar wind becomes loaded by the 
high-energy ions. When this loading becomes significant the 
pressure of the solar wind is determined specifically by the 
high-energy component. Usually, however, the magnetic 
field in the plasma of the solar wind makes an angle with the 
plasma velocity, and the comet ions are only partially en- 

trained, since their velocity along the direction of the mag- 
netic field remains at a level u, < u. The comet ions produce 
in the plasma of the solar wind a beam of particles which 
move along the magnetic field at a velocity - uil and which 
simultaneously gyrate about the field lines with an energy 
%', = m,u:/2. Cyclotron instability of such a beam results 
in the excitation of AlfvCn waves. The pitch-angle diffusion 
of the resonant ions which is induced by these waves causes 
the distribution function of these ions to become more nearly 
isotropic in the coordinate system of the solar wind. In other 
words, this diffusion sets up a collective mechanism for en- 
trainment along the magnetic field. These processes are ana- 
lyzed using weak turbulence theory in the present paper. The 
results show that even for far from the core of the comet [ (3- 
5)  .10%m for Halley's comet] intense AlfvCn waves are ex- 
cited with a magnetic-fluctuation amplitude comparable to 
the magnetic field in the solar wind, H '- 1/3 to 1/5 of H, 
and with typical frequencies on the order of 10W2 Hz. This 
AlfvCn turbulence is by no means simply a by-product of the 
mass loading of the solar wind. It determines the dynamics 
of the motion of the wind, the head of the shock front, the 
position of the front, and its structure, which is quite differ- 
ent from the structure of an ordinary planetary shock wave. 

Generally speaking, there are two distinct types of 
shock waves in space. The first type, and the type which has 
been studied most thoroughly, is the shock wave of a plan- 
etary magnetosphere, which consists of sharp jumps in the 
properties of the solar wind, with a front width no greater 
than the proton Larmor radius. The second type of shock 
wave is a substantially smoother shock wave of a dissipative 
nature, one example of which is the shock wave of cosmic 
rays in the interstellar plasma, which was first studied by 
A ~ f o r d . ~  In the latter case the cosmic-ray particles which are 
accelerated at the front of the sharp "subshock" which is 
present in the shock wave diffuse into the surrounding plas- 
ma. Their pressure retards the incoming plasma stream and 
creates a characteristic diffusion structure, in which a slow 
increase in the density and magnetic field precedes an abrupt 
jump. 

In a sense there is an extremely profound analogy 
between a shock wave near a comet and the shock wave of 
cosmic waves in the interstellar medium-an analogy which 
stems from the similarity between the loading of the solar 
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wind by high-energy comet ions and the diffusive accelera- 
tion of cosmic rays by shock waves. In both cases the motion 
of high-energy particles along magnetic field lines results in 
the excitation of Alfvtn turbulence, which in turn causes a 
diffusive broadening of the shock front to dimensions com- 
parable to or greater than the Larmor radius of the high- 
energy ions. As a result of this broadening of the front, the 
jumps in the values of the properties of the solar wind (the 
magnetic field and so forth) caused by the shock wave may 
remain totally unnoticed against the background of the in- 
tense fluctuations associated with MHD turbulence. 

LINEAR THEORY OF THE CYCLOTRON INSTABILITY 

As was mentioned in the Introduction, in the plasma of 
the solar wind cometary ions form a beam of particles mov- 
ing along the magnetic field at a velocity - ul l  and simulta- 
neously gyrating in Larmor orbits at a velocity ul l  . The den- 
sity of this beam increases toward the comet. It can easily be 
expressed in terms of the relative increase in the mass flux 

transported by the solar wind: 

n , ( x )  =/,m,/m,)nomcp(x) (l lsin a ) .  

Here n," and u ,  are the unperturbed values of the density 
and velocity in the solar wind. We have assumed here that 
comet ions are entrained only in the direction perpendicular 
to the magnetic field. We have directed thex axis toward the 
comet, along the wind velocity; the magnetic field vector H 
lies in the xy plane, making an angle a with the x axis; and 
the subscript 1 1  here and below means the direction antiparal- 
lel to H. 

In the limit x - - cc , the function p (x )  tends toward 0, 
while it increases monotonically toward the comet, to values 
p(x)  - 1 near the shock wave. The density of the cometary 
ions remains low in comparison with that of the solar wind, 
by a factor of m p / m ,  - 1/20, but the momentum carried by 
these ions is comparable to that of the unperturbed solar 
wind. The pressure produced by the ions is substantially 
greater than both the pressure of the solar wind and the mag- 
netic pressure H :/87~. A significant energy reservoir is thus 
formed in the plasma of the solar wind: intense waves can be 
excited by virtue of this reservoir. The excitation mecha- 
nism, first studied in Ref. 7, is the cyclotron instability of 
electromagnetic waves which occurs as the beam of comet 
ions interacts with the plasma of the solar wind. The maxi- 
mum growth rate is associated with propagation of the 
waves along the magnetic field. The dispersion relation for 
this case is well known (Ref. 8, for example) : 

opZo ~ , , . ~ o  - oPp2  m p  cp (x) 
~ ~ k ~ - o ~  + - + - +O---- 

O*  OH^ o F o l I c   OH^ m ,  sina 

In this equation, w, , up,, a,,, and w, are the plasma and 
cyclotron frequencies of the protons and electrons, respec- 

tively. The dispersion relation (2)  has been written for a 
circularly polarized electromagnetic wave; the upper sign 
corresponds to a wave polarized in the direction of gyration 
of electrons in the ion beam which are in resonance accord- 
ing to the anomalous Doppler effect, w + ku l l  =: - w,. The 
lower sign corresponds to a wave with the "ion" polariza- 
tion, i.e., to the normal Doppler effect, w + ku l ,  =aHi .  The 
dispersion relation (2)  has been analyzed in detail by 
Winske et al.9 Here we will simply summarize the results of 
that analysis. 

a )  The nonresonant case, corresponding to the long-wave 
limit k lull I 4 wHi. In this case an aperiodic instability oc- 
curs: 

U ~ , ~ - U , ~ / ~  cp (2 )  
a'-k'v,' [I - -4 

va2 sina . 

This is the ordinary firehose instability, caused by the anisot- 
ropy of the pressure of the cometary ions.'' The condition 
for its onset is 

where Pll = nimiu%, P, = nimiu: for the longitudinal and 
transverse pressures of the cometary ions. 

b) The resonant beam-driven instability, 
w + kuI I  z + W H i .  Here we assume that the condition 
wgw,,, holds; i.e., we deal with the excitation of Alfvtn 
waves. We then have 

Under the condition tg2a < I&I/wHi, i.e., for quasiparallel 
propagation of the solar wind, the energy reservoir for the 
instability is the longitudinal motion of the comet ions. In 
this case, only the instability corresponding to the anoma- 
lous Doppler effect, 

can occur, and we find from Eq. (2)  a growth rate 

I UllI cp(x) "' 
y=axi[--7] 2vA sina . 

In the opposite case, tg2a > /&l/wHi,  an instability is possible 
for two polarization directions of the wave, 
k ( u l l  + v, ) = w,, and the growth rate y = Im& is given 
by 

Since we should have a ratio lull I/va -3-4 for the typical 
parameter values in the solar wind, the condition I E ~  4 wHi,  
which we used in deriving (4)  and (4'), is violated even for 
p ( x )  < 1.  In this case a strong hydrodynamic instability sets 
in with a growth rate y-w, but it is again of a resonant 
nature, kul l  z + w,. For the frequency w we find the fol- 
lowing equation from ( 3  ) : 

A o q ( x )  cp(x)sinu 
f--- = 0. 

( o H i  sina 2 coa2 a 
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We thus find 

(,,=- 
2 sin a W H i  

and 

i s i n a  '" 
w = - w ~ i  (q (x) - ) 

12 cos2 a 

in the opposite limit, tg2a) Iwl /w,. In the perturbed solar 
wind, with p(x) - 1, the instability growth rate satisfies 
y-w,, and intense AlfvCn waves are excited, which causes 
the distribution function of the comet ions to become more 
nearly isotropic in the coordinate system of the solar wind, 
over a time scale T,,, - low, ' comparable to the ion cyclo- 
tron period. Under these conditions the collective "entrain- 
ment" of the comet ions along the magnetic field because of 
the AlfvCn waves becomes as fast as the single-particle en- 
trainment in the perpendicular plane in the crossed E and H 
fields. The distance over which the collective entrainment of 
the comet ions occurs. 

L,so =:urn T,,, - lOu, /w, - 10'' cm, 

is much shorter than the length scale L z (5-3) 10" cm over 
which the motion of the solar wind is perturbed (Fig. 1 ). 
Accordingly, in the discussion below we will assume that 
intense AlfvCn waves are excited in the loaded solar wind 
and that the distribution function of the heavy ions is nearly 
isotropic in the coordinate system of the solar wind 

SOLUTION OF THE QUASILINEAR EQUATION FOR COMET 
IONS; GAP AT VII =O 

In accordance with the results of the preceding section, 
we assume that the comet ions are only slightly anisotropic. 
In other words, we seek their distribution function in the 
form 

where v  is the absolute value of the velocity in the coordinate 
system of the solar wind, and 0 is the pitch angle 
(sine = v ,  / v )  . 

In the steady state, a kinetic equation for f incorporat- 
ing the pitch-angle diffusion caused by the AlfvCn waves and 
also the continuous production of new ions by photoioniza- 
tion of the gas flow can be written 

5 

Shnr 

net 

:k wave 

FIG. 1. Motion of the loaded solar wind: cometary shock wave. 

The first term on the left side of this equation describes con- 
vective drift; the second term is responsible for the adiabatic 
heating of the cometary ions in the inhomogeneous stream of 
solar plasma; and, finally, the last term is the quasilinear 
collision integral corresponding to collisions of the particles 
with the AlfvCn waves (Ref. 11, for example). The super- 
scripts + refer to the two polarizations of the electromag- 
netic wave; the derivative with respect to vl l  is calculated 
along the lines of the pitch-angle diffusion of the resonant 
particles, which coincide approximately (to within small 
quantities of order w/w,) with lines of constant energy, 
v: + v i  = const. The term on the right side of Eq. ( 7 )  is a 
source describing the production of new ions with a longitu- 
dinal velocity - u l l  and a cyclotron-revolution energy 
miu: /2;  Q is the intensity of the gas flow; r is the distance 
from the comet; and the exponential factor corresponds to 
the attenuation of the gas flow as a result of photoionization. 

Strictly speaking, the pitch-angle diffusion described by 
the quasilinear collision integral is limited to the region 
v l l  > 0. Cometary ions are produced with 0 = a. Their diffu- 
sion into the angular region 0 < a  results from the excitation 
of waves in the normal Doppler effect: 

For 0 > a ,  the excitation of waves and the diffusion of parti- 
cles are associated with a resonance in the anomalous 
Doppler effect: 

w - k v I I = - ~ ~ i .  (8') 

This diffusion, however, is limited to values v l l  >urnin. In a 
plasma with a large valuep- 1 (/3 = 8 ~ n , T / H t  is the ratio 
of the gas pressure to the magnetic pressure) we would have 
urnin z 3uT,  since waves with v l l  < urnin are damped as a result 
of cyclotron absorption by the thermal plasma. Correspond- 
ingly, a gap appears in the diffusion coefficient at u I  =.O. At 
pg 1 the boundary of this gap is urnin = v, ,since there is no 
resonant interaction with waves at v l  < v, . 

Achterberg" has suggested two mechanisms for cross- 
ing the gap near vil  = 0. Since those mechanism are based on 
a strong nonlinearity, they cannot be described by the quasi- 
linear equation (7).  One of these mechanisms is a reversal of 
the direction in which the ions are moving in the magnetic 
mirrors which are set up as a result of the long-wave modula- 
tion ("long" on the scale of the ion Larmor radius) of the 
magnetic field by the AlfvCn waves. Using the conservation 
of the magnetic moment, p = m i v :  /2H, we find that a parti- 
cle which is moving between magnetic mirrors can change 
direction if its longitudinal velocity v l l  satisfies the condition 

vIl2 6H 1 - <-iz.- r, lHklz. 
V2 Ho 2H02 I<W,,~/., 

Here 
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is the modulation of the magnetic field by the waves. 
The second mechanism for crossing the gap at ull = 0 is 

based on the well-known nonlinear Duprel broadening of a 
wave-particle resonance. According to Ref. 13, the nonlin- 
ear broadening of the resonance in velocity in the case of a 
cyclotron resonance with AlfvCn waves is 

The gap at u ,  ZO is crossed if A u r  = u,,, . Another impor- 
tant point is that in this case, in contrast with (9) ,  the cross- 
ing of the gap is associated with the shortest part of the wave 
spectrum. Both of these mechanisms for the crossing of the 
gap at ull z O  have recently been observed14 in a numerical 
simulation of the process by which resonant ions become 
more nearly isotropic in the field of AlfvCn waves. It has been 
shown that the conditions for their occurrence agree quite 
accurately with relations (9)  and ( 10). 

A comparison of (9)  and ( 10) for power-law spectra 
IH, l 2  - k - " shows that for v > 2 the magnetic-mirror 
mechanism is important, while for v < 2 the nonlinear broad- 
ening of the resonance is important. The quasilinear theory 
gives rise to a power-law spectrum with v = 2, which agrees 
quite well with observations.' In this case, conditions (9)  
and ( 10) are equivalent to each other. For typical parameter 
values of the solar wind interacting with a comet, ull ,--urn,, 
z 3 u ,  -- 8 X 10' cm/s and u z u _  z 5 X lo7 cm/s, the condi- 
tion for the crossing of the ul ,  = 0 gap can be satisfied easily 
even if the energy of the magnetic fluctuations is only a few 
percent of the energy of the unperturbed magnetic field. 
When the u l  <O gap is crossed by resonant particles, and 
instability involving the normal Doppler effect occurs in the 
region ul l  < 0 [condition (8)  with ul l  < 01, and the diffusion 
of the particles in the field of the waves which are excited 
causes isotropization of the distribution function for the par- 
ticles. The anisotropic increment in the distribution function 
persists only by virtue of the convective drift of the resonant 
particles and the continuous production of new ions. Under 
the conditions 

however, the anisotropy of the distribution of cometary ions 
remains weak. Under these conditions, 

are the time scale and length scale of the pitch-angle diffu- 
sion. The fact that the distribution function of high-energy 
ions becomes more nearly isotropic in the coordinate system 
of the solar wind-i.e., that there exists a collective mecha- 
nism for the entrainment of comet ions by the solar wind- 
has been confirmed to high accuracy by in situ observations 
of these ions ahead of the front of the cometary shock wave 
during the fly-by of comet Jacobini-Zinner.I5 

To find the anisotropic increment, we solve Eq. (7).  
Substituting the distribution function (6)  into it, and separ- 
ating the terms which depend on 6 (as usual, the average 
over the pitch angle 8 is carried out with a weight sine), we 
find the following equation for f,: 

e' a [ 111, .  j2(hv ens U=F~,.) 4m,'cL s in0  dB 
+ 

X 
sin 0 d j ,  

+ 
Q ~ X P  ( - r l v g ~ )  

6 (v -u)  6 (cos 0-cos a )  - 
8n2r2v,r~z" [ 

Here we have made use of the fact that since the diffusion 
lines in velocity space of the resonant particles are approxi- 
mately circles (to within small quantities of order 
w/ku - u, /u),  the derivatives along the diffusion lines can 
be written in the form 

d 1 d -=--- 
dull v sin 0 80 ' 

We have transformed the 8-function on the right side of (7)  
in the following way: 

6 (V ,~ -U ,~ )  6 (v,,+u,,) = ( 2 u 2 )  -'6 ( v - U )  6 ( C O S  0-cos a ) .  

Integrating ( 12) over 8, and choosing the integration con- 
stant from the condition that dfl/d8 be nonsingular in the 
limit sine-0, we find the following relation for the deriva- 
tive df,/d8, which is a measure of the degree of anisotropy of 
the resonant-ion distribution: 

+ Q ~ X P  ( - r l v , ~ )  I cos 8 1 sin-' 06 (v -u)  
2n2r2vl tu  

where u (x )  is the unit step function [u(x)  = 1 at x > 0, 
a ( x )  = 0 at x < 01. The anisotropy of the comet ion distribu- 
tion results in continuous excitation of Alfvtn waves in the 
plasma of the solar wind, at a growth rate' 

To calculate the growth rate of AlfvCn waves from this for- 
mula with the help of ( 13), we need to determine the isotrop- 
ic part of the comet ion distribution f,(u,u); i.e., we need to 
determine the motion of the loaded solar wind in the region 
ahead of the shock wave. We turn now to this problem. 

SOLAR WIND AND COMETARY IONS AHEAD OF A SHOCK 
WAVE; EXCITATION OF ALFVEN WAVES 

We will use the kinetic approximation for the comet 
ions and hydrodynamics for the motion of the loaded solar 
wind. This approach was taken previously by Wallis and 
Ong.16 In contrast to their treatment,16 we are ignoring 
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three-dimensional isotropy which the AlfvCn turbulence 
tends to impose the distribution of the comet ions. We find 
an equation for the comet ion distribution function by aver- 
aging Eq. (7 )  over B and substituting in df,/dB from ( 13). 
The spatial diffusion caused by the MHD turbulence be- 
comes important in this equation only near the shock front, 
where it causes smearing of the front to dimensions compar- 
able to L,,, [see ( 1 1 ) 1. Spatial diffusion can be ignored in 
the loaded solar wind ahead of the front, where the length 
scale of the perturbed zone is substantially greater than L,,,, 
so that the equation for f, becomes 

df, 1 d u  df, Q exp(-r/vgt) 
U - - - - - u =  6(v-u). (15) 

d x  3 dz d u  16x2r?vgtu2 
The equation for f, should be solved simultaneously with the 
hydrodynamic equations for the solar wind, which model 
the loading of the wind by the comet ions: 

The pressure is due primarily to the cometary ions; by virtue 
of the conditions u % u, , ( Tp/mp ) ' I 2 ,  we can ignore the com- 
ponents of the pressure due to the magnetic field and also the 
plasma of the solar wind. We thus write P,, = ~m,u ;  fdv .  
Substituting v, = v(sin Bcos psin a - cos Bcos a)  into this 
expression, and making use of the isotropy off,, we find 

pXx= j J $ [ cosz a j cos2 0 sin e de 
0 

We can use ( 16) to express the right side of ( 15) in terms of 
the change in the mass flux in the solar wind,pu. Transform- 
ing to the independent variables u, w = v3u in this equation 
(lines of w = const are characteristics of the homogeneous 
equation), and integrating the result over u, we find the fol- 
lowing expression for the comet ion distribution function: 

Substituting f, into ( 18) and integrating over v by making 
use of the 6-function, we easily find an expression for the 
pressure created by the comet ions: 

1 d P.. = - 1 - (p'uf ) ufva duf. 
3uv3 du' 

u 

Using this expression, integrating ( 17) over u, and car- 
rying out some straightforward manipulations, we find a fi- 
nal equation which relates the change in the mass flux in the 
solar wind, pu, to the change in the wind velocity: 

pu 5 u 1 u," 
-=----- 
p,u,, 4 u 4 u2 ' 

This result is the same as the hydrodynamic result in the case 
of an adiabatic index y = 5/3; this value corresponds to the 
situation in which the comet ion distribution becomes iso- 
tropic in three dimensions." A novelty in our approach is 
the determination of the comet ion distribution function. Us- 
ing (21) for pu in ( 19), we find the final expression for the 
comet ion distribution function: 

The width of the distribution function is nonzero because 
ions reach each point x flowing with the solar wind which 
have arisen ahead of this point and therefore have velocities 
v > u (x). The maximum ion energy increases to a level 
(u, /u)'I3 times the injection energy m i u i  /2 because of 
adiabatic heating in the inhomogeneous solar wind. 

Finally, integrating Eq. ( 16) over x, we find a simple 
relation which determines the increase in the mass flux in the 
solar wind as a result of the heating of the wind by cometary 
ions: 

Here we have used the notation 

where 
oz 

Ei ( y )  = e-'g-' dg 

is the integral exponential function. 
It follows from a comparison of (21) and (23) that the 

solution which has been derived here to describe the progres- 
sive slowing the loaded solar wind is applicable under the 
conditions u>2u, /5, pu<25p, u, /16. Actually, it follows 
from (2 1 ) that under the condition u < 2u, /5 the slowing of 
the solar wind as it moves toward the comet does not lead to 
an increase in the mass fluxpu (Fig. 2 showspu as a function 
of u, /u),  in contrast to (23). This means that there cannot 
be a smooth transition in the loaded solar wind from super- 
sonic to subsonic flow, and it occurs at Mach number M = 1, 
as we will show below. The dependence of the pressure in the 
solar wind on the wind velocity can be found easily from 
(20) and (21): 

We can then find the expression 

for the sound velocity, and for u = f u, we do indeed have 
M = U/C, = 1. Because ofthe singularity in the smooth solu- 
tion at M = 1, there must be a shock wave, at transition to 
subsonic flow takes place, in the supersonic part of the flow, 
with M >  1. According to Ref. 18, this shock wave lies at 
M = 2. It follows from a comparison of (26) with Eqs. (2 1 ) 
and (23) that near the front of the M = 2 shock wave the 
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slowing of the solar wind satisfies u/u, = 23/35, the in- 
crease in the mass flux carried by the solar wind ispu/pm u - 
= 1.33, and the position of the front in the bow region lies 

r = 1.9r0=: 330 000 km from the core of the comet. By way of 
comparison, the corresponding figures when the isotropiza- 
tion of the ion distribution caused by the interaction with 
AlfvCn waves is not taken into account19 are pu/p, u, 
= 1.185 and r = 2.5r0. As a result, this isotropization 

strongly influences the law of motion of the loaded solar 
wind ahead of the shock front, and it also strongly influences 
the position of the front. The position of the shock front has 
been calculated for parameters appropriate to the solar-wind 
plasma and Halley's constant, as measured on the Vega-1 
space vehicle: n," = 12 cmP3, Ho = 11 nT, T = 1.3. lo5 K, 
Q = 1.3. lo3" molecules/s, and U,T = 2- 10" cm. The result 
agrees with observations of the crossing of the front by the 
vehicle.20 

As was mentioned above, the presence of strong AlfvCn 
turbulence, with oscillations of the magnetic field at an am- 
plitude H 'gHo, near the shock front smears the front to di- 
mensions comparable to the value L,,, found from ( 1 1 ), in 
total analogy with the shock front of cosmic rays6 The width 
of the front (under the condition H' < H,) is on the order or 
greater than the Larmor radius of the comet ions, at least 
m,/m, times greater than the width of the jump in a plan- 
etary shock wave and on the order of the wavelength scale of 
the waves in an AlfvCn turbulence. This circumstance seri- 
ously hinders an identification of the shock front against the 
background of the intense MHD oscillations, as apparently 
occurred during the fly-by of comet Jacobini-Zinner.' A dif- 
fused front structure was also observed during the fly-by of 
Halley's comet by the Vega-2 space vehicle, for which the 
magnetometer data indicated crossing of a quasiparallel 
shock wave.20 

We turn now to a calculation of the growth rate of the 
AlfvCn waves. We consider a region quite far ahead of the 
shock front, where the condition u ( x )  =: u , holds. In calcu- 
lating the growth rate from ( 14) and ( 13), ignoring the 
small quantities -Au/u, we can then discard from dfo/dx 
everything except the term -S(v - u),  and we can omit 
from the right side of ( 13) the term -Sfo/dv. In this approx- 
imation we find 

I 1 (o (,-a) + -- X [ y  sin 0 I cos 0 1 +2 - 
sin 0 cOse-l) l  2 . 

For angles 0 < 0 <a the derivative is positive: dfl/de > 0. In 
this angular range an instability stems from the excitation of 
waves with k < O ,  i.e., waves moving toward the comet, 
through the normal Doppler effect ( w  - ku cos 0 = w, ). 
The growth rate for these waves is determined by the relation 

yr=~ . ( k )  [ ( I - cos  a )  ( 1  -*)+(I kZumL -2)'] k a ,  , 

FIG. 2. Mass flux in the loaded solar wind as a function of the relative 
slowing of the wind, u ,  /u. 

where 

I o 2  Q exp ( - r l v , ~ )  m, o H ,  OH,' 
r ( k )  =- --(I-,). 

k  I J f k  1 16r2vgnom mp o k ~  

(29) 
In the angular region a < 8 < n-/2 the instability mechanism 
is a resonance due to the anomalous Doppler effect, which 
leads to the excitation of waves with k > 0 and to a growth 
rate 

@ H i Z  o H i  
y==17(k) [cos a 1 - _) +2+2 -1 , ( kzum Icu, 

1 ku ,  
-<-<m. 
COSa O H <  

Finally, at 8 > n-/2 the excitation of waves and the diffusion 
of particules are due to a resonance involving the Doppler 
effect. As a result of the instability, waves with k > 0 are also 
excited, at a growth rate 

@ H i Z  ,,=r ( a )  [CoS a ( I  - ,)+2-2 %I, 
k  u ,  ku ,  

ku ,  
i < - < m .  

o H i  
(31) 

Consequently, over the entire pitch-angle interval 0 < 8 < n- 
and instability mechanism operates to excite AlfvCn waves 
and to maintain the isotropy of the distribution function of 
the resonant particles. The continuous production of new 
ions in the solar wind, however, creates a small anisotropy in 
the distribution function, which is the source of the Alfvtn- 
wave instability. 

NONLINEAR SATURATION OF THE INSTABILITY; STEADY- 
STATE SPECTRA; INCLINATION OF THE SOLAR WIND 

A process which has been termed "induced scattering 
of oscillations" in the literature (cf. Ref. 21, for example) 
results in our case from a resonance between protons of the 
solar-wind plasma and beats which arise in the nonlinear 
interaction of AlfvCn waves. The condition for the resonance 
is 

The plus sign in this condition corresponds to absorption of 
two wave quanta with opposite polarizations, with frequen- 
cies w,  and w,.  , and with wave numbers k and k ', by the 
resonant proton. The minus corresponds to the scattering of 
a wave quantum w,  into a quantum w, ,  of the same polariza- 
tion. In the solar-wind plasma which is interacting with a 
comet, we would usually have a parameter value 
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f l =  8 m , T / H i  < 1, so that the proton thermal velocity v,, 
would be significantly less than the AlfvCn velocity v,. In 
this case, only the scattering of wave quanta is important 
among the resonances (32); for opposite signs of k and k ', 
this scattering can occur on thermal protons with velocities 
v l ,5vTp ,  provided only that the condition 

I lk / - I k ' 1  1 - kuTp/u, k, holds. Absorption, on the other 
hand, requires superthermal protons with velocities u l l  -v, , 
whose number is exponentially small. The growth rate of the 
induced scattering of AlfvCn waves, calculated in Ref. 12, is 

Induced scattering which conserves the total number of 
wave quanta, 

gives rise to spectral pumping of wave energy to small wave 
numbers: y, > 0 under the condition w, . > a , .  The reso- 
nant absorption by the comet ions of the long ( k  < w, , /~_  ) 
Alfvtn waves which are excited during this pumping sets the 
stage for additional acceleration of these ions through sto- 
chastic Fermi acceleration. The high-energy ion tails with an 
energy Z?, 5 500 keV which were observed during the fly-by 
of Halley's comet22 result specifically from this mechanism, 
but a detailed analysis of this question goes beyond the scope 
of the present paper. 

In the spectral region k > w , / u  _ the spec t r~ l  pumping 
driven by the induced scattering leads to nonlinear satura- 
tion of the cyclotron instability. The limiting amplitudes at 
which this saturation sets in can be found by comparing the 
linear growth rate [ (28) or (30) ] and the nonlinear growth 
rate, (33).  These limiting amplitudes can be found in order 
of magnitude from the expression 

An expression analogous to (34), for the limiting ampli- 
tudes of AlfvCn waves, was derived in Ref. 3. For the proper- 
ties of the gas and the plasma measured during the fly-by of 

28 comet Jacobini-Zinner (Q = 5.10 molecules/s v,r 
= 2 . 1 0 1 ' c m , T =  105K,n," = 5 ~ m - ~ , u = 4 7 O k m / s , a n d  

H = 8 nT), the length scale found from (24) is r, = 2.10" 
cm. For the parameters given above for Halley's comet we 
find r,  = 1.7.101° cm. We then see from (34) that with 
r-  (3-5)r, we have 2, IH, l 2  - H i, in both cases. From this 
result it was concluded in Ref. 3 (for the first time) that 
extremely strong MHD turbulence prevails near the shock 
front. 

We turn now to a solution of the equations describing 
the cyclotron excitation of waves by comet ions and their 
spectral pumping due to induced scattering. In terms of the 
dimensionless variables 

x = k l ~ ~ / w ~ , ,  E=.z/r(,, ( h X I 2 =  ( Hk(l l  1 2 / 1 H k ,  
- 

I b,(4=(Hk(2'12/1Hk12 
[the superscripts ( 1) and (2 )  correspond to waves with 
k > 0 and k < 0, i.e., to waves which are moving away from 

and toward the comet in the coordinate system of the solar 
wind], these equations take the form 

7 7 %  - x-x'  exp [ - ( x - H ' ) ~  ] I b ,*121h,~'12dx'.  p ( x + x f ) ' l  

Here 

1 
~ o ( x - ~ ) + ( i F ~ ) o ( x - - ) ,  cos a 

0' ( x )  =-F= ( z )  . 

As usual, the signs + correspond to waves which are polar- 
ized in the ion revolution direction-a resonance with ions 
involving the normal Doppler effect-and polarized in the 
opposite direction-a resonance involving the anomalous 
Doppler effect. In writing Eqs. (35) and (36) we have made 
use of the fact that the pitch-angle diffusion of the resonant 

FIG. 3 .  Spectral energy density of Alfvkn waves. a-Left-hand-polarized 
waves (lh ,: I', Ib ,t 1'); b-right-hand-polarized waves ( Ih  ,; ' ,  Ib ; 1'). 
Solid lines) Waves with k > O  propagating away from the comet in the 
coordinate system of the solar wind ( h ,+ ', h ; 1'); dashed lines) waves 
with k  < 0 propagating toward the comet ( b ,f 2 ,  b ; 1'). These results 
were found with the values 6 = 1.5, /Z = 0, P = 0 . 3 5 ,  a = 45". 
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FIG. 4. Energy of magnetic fluctuations, 
W =  Sdf ( 1 Hxf 1' + H y f  1' + lHTT 1 2 ) ,  in the frequency range 

< f < lo-' Hz according to measurements by a magnetometer car- 
ried on the Vega-1 vehicle, for various distances from Halley's comet. The 
dashed line is a theoretical prediction based on the property values of the 
solar wind and of the neutral gas corresponding to this fly-by. 

particles is caused simultaneously by waves of the two differ- 
ent polarizations, propagating in opposite directions, i.e., 
Ih ' l 2  and Ib 1 2 .  Figures 3 and 4 show the results of a nu- 
merical integration of these equations. 

Figure 3 shows the spectral energy density of the waves 
for typical property values from the fly-by of Halley's comet 
at a distance4 = 1.5 by a space vehicle. This situation corre- 
sponds to the vicinity of the front of the shock wave. This 
spectral density was found forP = 0.35, A = 0, and a = 45". 
In the spectrum, in addition to the linearly unstable waves 
Ih;l2 ( x > l ) ,  1b;l2 (1<1xl<l /cosa) ,  and 
lh ; I2(x > ~ / C O S  a ) ,  there are waves in the long-wave re- 
gion, x < 1, with a significant amplitude. These are primarily 
waves which are propagating toward the comet, Ib ,f 12, 

I b ; 12, which appear as the result of a nonlinear interaction 
due to induced scattering. The amplitude of these waves is 
quite high, - 1/10, 1/30 in dimensionless units. 

Most of the energy in this spectrum, however, corre- 
sponds to linearly unstable waves with x >  1. For such waves, 
the nonlinear interaction is weak in our example, and we find 
from Eqs. (35) and (36) that their spectral density has the 
behavior 

I H,I2ml/k2 for ~ u B w H ~ .  

The maximum in the spectrum corresponds to waves with 
ku, zw,. These waves are carried along by the solar wind 
toward the comet, and the Doppler shift causes the frequen- 
cy of these waves as measured by the space vehicle to be 

u 
1 2  3 ' E  

FIG. 5. The function R ( 4 )  for the values A = 0, P = 0.5, and a = 45" 
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k l  uII 1 a ~ i  
f=- - cos a-  lo- '  Hz 

271 2n 

for typical cometary conditions. 
As we have already mentioned, the resonant absorption 

of Alfvtn waves leads to a tail of high-energy ions with an 
energy well above the maximum energy of an ion entrained 
on a cycloid by the solar wind, g,,, = 2m,uL sin2a. This 
effect was observed during the fly-bys of both comet Jaco- 
bini-Zinner and Halley's comet. 

Figure 4 shows the total energy of the MHD waves, 
Z ,  * ,s= ,,, IH * 12, as a function of the distance from the 
core of the comet. This plot was constructed from Eqs. (35) 
and (36) for the property values given above for the plasma 
and the gas for the fly-by of Halley's comet by Vega-1. 
Shown for comparison in this figure is the intensity of MHD 
waves in the frequency interval lop3 < f < lo-' Hz accord- 
ing to measurements by a magnetometer during this f ly-b~.~ '  

The slight anisotropy in the comet ion distribution leads 
to an off-diagonal component of the pressure tensor: 

P,,= rniv.od du=i/,rni sin Za j u2 (cos2 0 - ' / ,  sin2 0 )  dv. 

(37) 

It follows from the equations of motion that the pres- 
ence of an off diagonal component in the pressure tensor 
results in a "deflection" of the flux of solar wind, i.e., the 
appearance of a velocity component perpendicular to the 
original direction of motion: 

Integrating by parts over 8 in the expression for Pyx, substi- 
tuting in dfl/d8 from ( 1 I ) ,  and using the dimensionless 
variables given above, we can write an equation for uy as 
follows: 

u,=sin a cos aCu,,R(E) e-"ItZ, (39 

where 
n l z  

sin 0 cos2 8 
R ( E ) =  Ib,+12+lh-1' 

(cos 0-1+20(0-a)  
" .  . . . 

f '/, cos a sin' 0) d0 

sin 0 cosZ 0 , (cos 0+1+'/2 cos a s i n e )  d0, 

1 
x=- .  

cos 0 

The function R (6) is plotted in Fig. 5. Since over most 
of the 6 region we have R (6) < 0, the flux of solar wind is 
deflected downward, with the result that the wings of the 
shock wave acquire an asymmetry, as shown in Fig. 1. For 
the property values of comet Jacobini-Zinner near the shock 
front, the degree of anisotropy is luy I/u - lo-'. Observa- 
tions confirm this result in both sign and order of magni- 
t ~ d e . ~  

Let us summarize the results of this study. 
1. The loading of the solar wind by heavy comet ion:; 

leads to the excitation of strong MHD turbulence ahead of 
the shock front, with typical frequencies on the order of lo-' 
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Hz and with magnitude fluctuations having a relative ampli- 
tude on the order of unity. 

2. The interaction with the AlfvCn turbulence causes the 
distribution function of the comet ions to become more near- 
ly isotropic in the coordinate system of the solar wind. In 
other words, the interaction with this turbulence creates an 
effective mechanism for collective entrainment of the comet 
ions by the solar wind. This isotropization strongly in- 
fluences the motion of the loaded solar wind and the position 
of the shock front. The position of the front is noticeably 
closer to the core of the comet than it would be according to a 
model which ignores the excitation of an AlfvCn turbulence. 

3. The presence of strong AlfvCn turbulence near the 
front of a cometary shock wave results in a substantial in- 
crease in the width of the front, to dimensions comparable to 
or greater than the Larmor radius of the heavy ions. In other 
words, the front width is about m,/m,  times greater than 
that of a planetary shock wave. 

4. The continuous production of new ions in the solar 
wind maintains the weak anisotropy of the distribution func- 
tion of these ions and is the reason for the "deflection" of the 
flow of the solar wind and the anisotropy in the position of 
the wings of the shock wave-an anisotropy which agrees in 
sign and order of magnitude with observations. 
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