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INTRODUCTION

1 . It has become quite clear in recent years that the
interpretation of the large aggregate of effects in
comets, due to solar corpuscular streams or to solar
wind, encounter great obstacles. The fluxes must be
exceedingly powerful to be able to explain with them
many of the phenomena. Their density must be 2-3
orders of magnitude larger than the value obtained by
direct measurements. The situation arises because
the atmosphere of the comet and the corpuscular
streams are exceedingly rarefied; the mean free path
of the proton in the stream prior to collision with a
molecule from the comet is 2-3 orders of magnitude
higher than the linear transverse dimension of the
head of a comet of average brightness.

In 1957, H. Alfven ^ pointed out the important role
of the magnetic fields that are frozen in the streams
(see Sec. 2). His paper'-1-' served as an impetus
towards the development of the magnetohydrodynamic
method in the physics of comets. S. B. Pikel'ner in-
dicated^108-' that in view of the smallness of the Lar-
mor radius of interaction between the stream and the
comet's atmosphere, the interaction is produced via
the magnetic field. Interaction takes place also in the
absence of collisions, that is, the stream density can
be quite low.

Magnetohydrodynamics has reduced many of the
difficulties, but even now many of the problems are
far from quantitatively (and sometimes even quali-
tatively) explained.

The present review contains an attempt to detail
the existing situation with an aim at attracting the
physicist's attention to this group of astrophysical
phenomena.

2. According to present notions, comets are
"small bodies" of the solar system, with continu-

ously renewed atmospheres [29] The comet is divided

into a nucleus, head, and tail. The nucleus of the
comet is a solid body (or several bodies), the linear
dimension of which apparently does not exceed 10
km [101,102] Th e masses of the nuclei, obtained from
independent estimates (celestial-mechanical esti-
mates '-29-' and physical ones Q 2 6 · 1 2 7 ]^ can differ
greatly. For example, according to '-126-' the upper
limit of the mass of the core of comet 18821 was ap-
proximately equal to 7.3 x 1O22 g, whereas that of
comet Neujmin I is ~3.3 χ 101 7 g.

The present ly m o s t prevalent physical model of the
comet nucleus is proposed by F. Whipple Q5 6>1 5 7J ; i n

which a r e synthesized the p r o p e r t i e s of the c las s ica l
Laplace-Besse l model ^ and the l a t e r model of B.
Yu. Levin [ 7 2 ' 7 3 ] as supplemented by V. G. Riives L l 3 o ]

According to Whipple, the nucleus of the comet is a
conglomerate of ices of different chemical compounds
with stone-like p a r t i c l e s embedded in them. The
surface layer cons i s t s essent ia l ly of a high-melt ing-
point component, through which the easy-mel t ing
component diffuses. There a r e also other models
(see, for example t19'145-39,75,76]^

The nucleus is the source of the c o m e t ' s a t m o s -
p h e r e . On approaching the perihel ion (the sun), it
becomes m o r e strongly heated, the evaporation in-
c r e a s e s , and the a tmosphere of the comet grows.
The head and the tail appear .

In most comets the l inear dimension of the head
ranges from severa l hundred thousand to severa l
million k i l o m e t e r s . The visible outlines of the heads
on the ce les t ia l sphere can vary great ly . According
to S. V. Orlov '-102-', it is convenient to subdivide comet
heads into t h r e e outline c l a s s e s .

N-heads (N—nucleus), which include only a smal l
region n e a r the nucleus, and whose dimensions a r e
tens of t i m e s s m a l l e r than the n o r m a l head observed
apparently in comets whose nuclei a r e poor in ab-
sorbed g a s e s .

80
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In C-heads (C—coma) the nucleus is surrounded by
a vaguely outlined nebula—the coma. In this case a
characteristic onionlike structure is frequently ob-
served, with a narrow tail emerging from the large
diffuse coma. The tail is of the first type (a classi-
fication of tails will follow) and consists of individual
jets and rays, which "collapse" in the course of time
towards the symmetry axis of the tail (Fig. 1). The
shape of the C-head can be interpreted in many cases
with the aid of the isophots of the neutral gas which
flows out uniformly in all directions from the nucleus.

Ε-heads (E—envelope) (Fig. 3) a r e surrounded by

one o r s e v e r a l envelopes.

It is a lso convenient to introduce a fourth type—

M-head—which include c o m e t s such as Morehouse

o r Humason (Fig. 2) o r Mrkos (Fig. 4). These a r e so

to speak strongly outlined " h e a d l e s s " c o m e t s oblated

on the sun ' s s ide, the outline of which is c lose to a

parabola or a catenary .

A c c o r d i n g t o t h e m e c h a n i c a l t h e o r y
№,101,109]

p a r t i c l e s leaving the nucleus form a " f o u n t a i n "

(Fig. 5). The par t ic le motion is due to s o l a r gravi ta-

tion (the gravitational field of the c o m e t ' s nucleus is

negligibly small) and light p r e s s u r e . Calculation

shows that the t ra jectory of each par t ic le is a p a r a -

bola and the envelope of these t r a j e c t o r i e s , in the

case of i sotropic escape of the m a t t e r , is a p a r a -

boloid of revolution. Therefore the outlines of the

head should have parabolic contours . However, even

Bond C l 4 ] .and l a t e r N. F. Bobrovnikov i12^ and S. V.

Orlov ^102-' have found that the visible outline of the

head on the ce les t ia l sphere is c lose to a catenary,

something that is difficult to i n t e r p r e t within the

framework of the mechanical theory. Some p r o g r e s s

in this r e s p e c t can be made by using e lec t rodynamics

(see Sec. 5).

The s p e c t r a of the comet heads cons i s t of a con-

tinuous background in the c e n t r a l p a r t and emiss ion

F I G . 1. Comet Burnham 1959k. a) and b) S u c c e s s i v e

p h o t o g r a p h s , which s h o w q u i t e c l e a r l y t h e " c o l l a p s e "

of t h e rays t o w a r d s the a x i s of t h e t a i l dur ing t ime

(photograph f r o m t 1 " ] ) .

F I G . 2. Comet Morehouse photographed by E. Bar-

nard on 15 September 1908. T h e w a v e s a r e c l e a r l y

s e e n , b) c o m e t Humason 1961e. P h o t o g r a p h by E l i z a -

beth R o e m e r t 1 7 0 ] J u l y 10, 1962. T h e s h a p e of t h e

comet c h a n g e d great ly from night to night , and q u i t e

a m a z i n g s h a p e s were o b s e r v e d . T h e comet together

with the rays broke away. T h e new coma g e n e r a t e d

a new ray s y s t e m .
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FIG. 3. Diagram of the
halos and expanding dust
envelopes in the head of
comet Donati 1958
(fromt102]).

FIG. 4. comet Mrkos 1957d. The picture shows a tail of type I
with wavelike or spiral-like forms and a tail of type II (photo-
graph fromt*2]).

FIG. 5. Fountain gushing from a nucleus. The envelope of the
jets and the jets themselves are parabolas.

molecular bands. As was shown by many workers

L5?,ii5,i54ĵ  ^ e c o n t i n U o u s s p e c t r u m i s due to s c a t t e r -

ing of the sun ' s light by dust p a r t i c l e s with d i m e n -

sions of the o r d e r of 0.1—0.7μ. The identification of

the molecular bands shows that the comet heads con-

tain the molecules C 2, CN, CH, OH, NH, NH2, OH + ,

and C 3 . The comet molecules glow by f luorescence.

As shown in B6i,n,i39,i69,i44,93,50] t n e c o m e t g a s e s r e -

radia te the sun ' s light by resonance .

If the comet c o m e s very close to the sun, atomic

l ines of Na, M g ( ? ) , F e , and Ni(?) a r e a lso observed.

The most abundant in the head a r e C 2 and CN. Very

frequently CO + and N2

+ ions a r e spectra l ly observed

in the immediate vicinity of the nucleus . Usually they

do not extend beyond 500 km (from the center of the

nucleus). A detailed review of the papers on comet

spectroscopy p r i o r to 1937 is contained in '-13-'. A

modern review (list) of all the observed e m i s s i o n s

and most photographs of the s p e c t r a a r e given in '-146-'.

We see that a large number of comet molecules a r e

free r a d i c a l s . It is a s sumed that they a r e the r e s u l t s

of dissociat ion and ionization of m o r e stable parent

molecules , which include CH4, NH3( CN) 2 , H2OH, and

o t h e r s [ 7 4 > 1 5 1 ] .

F r o m the apparent br i l l iance of the comet head,

knowing its spect ra l composit ion, we can d e t e r m i n e

the number of glowing molecules and consequently

e s t i m a t e the lower l imit of the comet m a s s . Accord-

ing to K. Wurm C161.1^] t n e br i l l iance of the comet (or

of the coma) in s t e l l a r magnitudes is

where M c is the mechanical equivalent of light, Ν

the number of molecules in the e lec t ron ground s tate,

lv the intensity of the so lar radiat ion at frequency v,

and fik is the osc i l la tor s t rength of the c o r r e s p o n d -

ing e lectronic t rans i t ion.

For example, for the e lectronic t rans i t ion A 3 ug

— X 3 n u Λ5550 A (Swann bands of C 2 ) assuming ft2̂
= 0.2 and taking dilution into account, we obtain

.34-0.4mn^ 1.7410 (2)

where p c — g e o c e n t r i c dis tance to the comet in a s t r o -

nomical uni t s . If o ther molecules (in addition to C 2 )

a r e a lso taken into account, then according to'-118-' (2)

m u s t be increased by approximately one o r d e r of

magnitude.

The m a s s of the dust component of the comet at-

m o s p h e r e can be es t imated from formula (4) below.

The distr ibution of the density of the comet m o l e -

cules as a function of the distance n ( r ) from the

nucleus was frequently investigated photometr ical ly
[18,69,128-132]

Most a s t r o n o m e r s believe that in many c a s e s η

has a quadratic variat ion

η = Π(ί ι — ι , ( J )

w h e r e n 0 i s t h e d e n s i t y n e a r t h e n u c l e u s a n d r 0 i s

t h e r a d i u s o f t h e n u c l e u s .

H o w e v e r , m o r e c o m p l i c a t e d d i s t r i b u t i o n s a r e a l s o

observed [ 2 9 > 7 9 : l . Usually n 0 = ΙΟ 1 0—10 1 2 c m " 3 , but in

some c a s e s it can r e a c h 101 4 cm" 3 '- 1 1 8-'. In p e r i p h e r a l

p a r t s of the head, at r = ξ ο ( ξ 0 —radius of the visible

head) we have n( ξ 0 ) s 10—103 c m " 3 .

It follows therefore that for a gas-kinetic effec-

tive c r o s s section of the comet molecule σ = 10" 1 5

c m 2 the mean free path amounts to Ζ( ξ 0 ) = [ η ( ξ ο ) σ ] " 1

= (10 2 x Ι Ο " 1 5 ) = ΙΟ 1 3 c m » ξ ο = ΙΟ 1 0 —ΙΟ 1 1 c m on the

*lg
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per iphery and Z ( r 0 ) = (η ο σ) l = 1 0 " n χ 10 1 5 = 103

cm n e a r the nucleus. Thus, t h e r e a r e no col l i s ions

between molecules in pract ica l ly the e n t i r e volume

of the head. They a r e significant, as can be readi ly

shown, only in a smal l region next to the nucleus,

with dimensions of the o r d e r r1 = 107—5 χ 108 c m .

In the head of the comet one can observe halos

which a r e uniformly expanding r ings . The ra te of

expansion is ~0.1—0.01 k m / s e c , reaching s o m e t i m e s

s e v e r a l k i l o m e t e r s p e r second. If s e v e r a l halos a r e

observed s imultaneously, they form s y s t e m s of con-

centr ic r ings , the c e n t e r of which very frequently

(but not always) coincides with the nucleus of the

comet (see Fig. 3). Sometimes envelopes (or a s y s -

tem of envelopes) a r e observed in the head; these

const i tute curves which a r e convex to the sun (see

also Fig. 3). The expansion of the envelopes is much

slower than the expansion of the halos . It is a s sumed

that the halos and the envelopes a r e the r e s u l t of a

sudden ejection of m a t t e r from the nucleus . If, for

example, we a s s u m e that only dust p a r t i c l e s a r e

ejected, then according to [158]

lg Μ = lg 6h + 2 lg (rcQc'mJ.l06\ - 0.40m + 2.10, (4)
\, / Φ ( α ) /

w h e r e M — t o t a l m a s s of e j e c t e d m a t t e r , 6 — d e n s i t y of

d u s t p a r t i c l e , h — i t s l i n e a r d i m e n s i o n , r c a n d p c —

t h e h e l i o c e n t r i c a n d g e o c e n t r i c d i s t a n c e s of t h e c o m e t ,

respect ive ly, expres sed in as t ronomica l uni ts , Φ( a)

(phase function)—ratio of the br ightness at a phase

angle a to the br ightness at opposition, and i n -

visible magnitude of the comet .

Using (4), Whitney '-158-' calculated the average value

of Μ for severa l comets as a function of h, as suming

6=1. His r e s u l t s a r e l is ted in Table I. O. V. Dob-

rovol'skii'-2 9-' made a s i m i l a r calculation under the

assumption that the halos a r e made of gas . He ob-

tained Μ = 2 χ ΙΟ 1 0 g, which for v n = 1 k m / s e c

yields 1O20 e rg , a r e s u l t which is close to the " d u s t "

c a s e with h s 10~5 cm.

The s u n ' s Planck radiat ion energy is general ly

speaking sufficient to produce the halo. However, the

suddenness of the eruptions is not c l e a r . D i s c r e t e -

action m e c h a n i s m s have therefore been proposed.

However, in none of the proposed m e c h a n i s m s can

the c o m e t ' s nucleus absorb such an amount of energy

during the t ime of its action. One could suggest, for

Table I

h, cm

10-3
10-4
10-5

M, g

5-1012
5-10H
5-lQio

»Λ=0.2 km/sec

E, erg

2-1021
2-1020
2-1019

vfl= 0. 8 km/sec

E, erg

3-1022
3-1021
3-1020

u^=:l,6 k m / s e c

E. erg

1023
1022
1021

Here h — dimension of dust particle, Μ — ejected mass,
Ε — energy consumed in ejection of mass Μ at a halo expan-
sion velocity v^.

example, that the erupt ions a r e due to the d i s in tegra-
tion of the nucleus surface by m e t e o r i t e s o r by so lar
c o r p u s c u l a r s t r e a m s . However, the f i rs t possibi l i ty
is not rea l ized Ci24,i25,4i,29: i n y i e w o f t h e r a r e n e s s o f

the encounters with m e t e o r i t e s . The action of the

c o r p u s c u l a r s t r e a m s can lead to cathode sputter ing,

which is insignificant'-29-', and also to the crumbling

of the surface of the nucleus, to the appearance of

m i c r o s c o p i c c r a c k s because of m i c r o s c o p i c explo-

sions produced by the protons of the s t r e a m s '-29-'. It

is doubtful, however, that such a m e c h a n i s m would

itself produce an eruption of a halo or an envelope,

s ince there apparent ly is no energy balance h e r e .

Indeed, the total energy absorbed by the nucleus can-

not exceed

-sot, <5>

where n s and v s a r e the density and velocity of the

c o r p u s c u l a r s t r e a m , s 0 the a r e a of the nucleus s u r -

face facing the s t r e a m , and t is the t ime of action of

the c o r p u s c l e s on the nucleus . Since the width of the

s t r e a m is of the o r d e r of L s ss 2 χ 101 2 c m (see , for

e x a m p l e , ^ ) we obtain for v s s 108 c m / s e c ,

n s s 10 c m " 3 , and s 0 = 10 1 1 c m 2 a value Q ~ 101 6

e r g « E, w h e r e Ε is the energy n e c e s s a r y for the

eruption in accordance with Table I.

In addition to cathode sputter ing and crumbling,

Weigert '-155-' cons idered the heating of the surface of

a nucleus by c o r p u s c u l a r s t r e a m s . However, e s t i -

m a t e s show '-155-' that in o r d e r to eject a halo the

comet should encounter at leas t once a y e a r a flux of

density n s = 105 c m " 3 , which is of l i t t le likelihood

from the point of view of modern data on copuscular

s t r e a m s . Direc t and indirect m e a s u r e m e n t s show

that n s apparently does not exceed 20—30 c m " 3 *-72^.

L. Boss '-1- advanced the hypothesis that the surface

of the nucleus might be disrupted by e lec t ros ta t ic

f o r c e s ; this theory was subsequently developed by

N. Richter [ 1 2 4 > 1 2 Q. However, it was shown in O l ] that

such a possibi l i ty could be rea l ized only in the p r e s -

ence of e lec t r ica l ly charged c o r p u s c u l a r s t r e a m s

(not quas ineutra l ones), which is of l i t t le likelihood

in light of p r e s e n t l y available data on the s t r e a m s .

Dohn and Urey '-39-' proposed that the halos can be

due to explosions in the nucleus, resul t ing from

s e v e r a l chemical react ions between the free rad ica l s

frozen it i s , such a s CH, OH, NH, and o t h e r s . How-

ever , the radica l concentrat ion is low '-147-'.

It i s possible to approach the problem in a differ-

ent way, by assuming the c o r p u s c u l a r s t r e a m s and

s i m i l a r factors to be cata lys t s that i n c r e a s e the s u r -

face of the nucleus as a r e s u l t of the dest ruct ion they

produce, and consequently they i n c r e a s e the intensity

of evaporat ion '-38^.

Thus, the question of the origin of the halos and

the expanding shel l s r e m a i n s open. The dynamics of

these formations, if we d i s r e g a r d the i r c a u s e s and

the i r physical n a t u r e (gas o r dust?) can be descr ibed
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sat is factori ly by the mechanical theory ΰοι,4,43,100,32,33]

Sometimes, " c o l l a p s i n g " o r contract ing envelopes

a r e produced in the c o m e t s . They appear on the edge

facing the sun in that p a r t of the head which moves

rapidly towards the nucleus, and s imultaneously

" c o l l a p s e s " towards the s t ra ight line joinging the

comet with the sun (a detailed descr ipt ion and analy-

s i s of these phenomena is given in Sec. 4). In this

c a s e , unlike the halos and the expanding envelopes,

both the kinetics and the dynamics of these forma-

tions r e m a i n unclear to this day, s ince the mechanical

theory is in principle power less h e r e Cioo,io2,42,io3,48,
96>97-1. Spectrally, the " c o l l a p s i n g " envolopes consis t

of CO + ions, so that these effects can be expected to

have a p l a s m a n a t u r e .

According to the mechanical theory, the p a r t i c l e s

which a r e r e l e a s e d from the nucleus a r e deflected by

the radiat ion p r e s s u r e in a direct ion away from the

sun and, owing to the conservat ion of momentum,

they lag the sun as the comet moves along the orbit

(Fig. 6), forming a tail d i rec ted away from the sun

and bent in the direct ion of motion of the comet . The

c h a r a c t e r of the tail (the c u r v a t u r e , the deviation

from the radius vector, etc.) depends on the a c c e l e r a -

tion acquired by the par t ic le under the influence of

the repuls ion forces, for example the radiat ion p r e s -

s u r e .

Following a h i s tor ica l t radit ion, it is c u s t o m a r y

to e x p r e s s the acce le ra t ions in the ta i l s by means of

the d imensionless quantity

where a—repulsion acceleration and g.—solar
gravitational acceleration at the given heliocentric
distance. Most comets are investigated at r ~ 1 a.u.,
that is, in this case g. = 0.6 cm/sec 2 .

Since the character of the tail is determined by the
p a r a m e t e r 1 + μ, F. A. Bredikhin ^ (see also M )

classif ied the ta i l s in accordance with the value of

1 + μ, and this classi f ication r e m a i n s to this day.

In this classi f ication, the ta i l s of the comets a r e

divided into three types:

Type I—straight and re lat ively n a r r o w , close to

the radius vector, in which large repuls ive a c c e l e r a -

tions prevai l , 1 + μ > 20. Accelerat ions on the o r d e r

of 1 + μ ~ 1000 a r e quite frequently encountered.

Type II—broad, curving, and lagging the comet

motion, with large deflections away from the radius

v e c t o r . They cor respond to 1 + μ ~ 1.

Type HI—broad, short , weak, and highly curved

away from the radius vector . They correspond to

I + μ ~ 0 . 1 - 0 . 3 .

The three types of ta i l s a r e shown schematical ly

in Fig. 6. Tai ls of type I a r e seen in Figs . 1,2, and

4, those of type II a r e shown in Fig. 4. Tails of type

II and III have a continuous spec t rum, indicating that

they a r e e i ther dustl ike or at l eas t a mixture of dust

and neutra l gas .

The situation is w o r s e with tai ls of type I. The

mechanical theory is incapable of explaining, even in

main outline, the manifold observed phenomena.

Within the framework of the mechanical theory, it is

imposs ible to explain, for example, such phenomena

as the t remendous acce lera t ions observed in ta i l s of

type I, the t r a n s v e r s e motion of m a t t e r in the tail

(perpendicular to the rad ius vector) observed in the (

form of converging " w h i s k e r s , " ends of envelopes

disappear ing in the tai l , wavelike motion in the ta i l s ,

e tc .

The key to the understanding of the ent i re set of

these phenomena, which do not fit the c las s ica l

theory, l ies in the specific nature of type I t a i l s . As

shown by numerous s p e c t r a l investigations '-146-', these

tai l s cons i s t essent ia l ly of ionized molecules (pr in-

cipally CO + and N 2

+), that is , they r e p r e s e n t a

p l a s m a ; this explains also the s h a r p difference b e -

tween types II and III on the one hand and type I on

the other .

However, the source of the ions in the comet a r e

not c l e a r , and none of the probable m e c h a n i s m s can

provide the observed degree of ionization (see Sec. 6).

A c o r r e l a t i o n was observed between the activity of

the comets (accelerat ions in ta i l s of type I, halos,

flashes) and geomagnetic d i s t rubances [ 6 > 8 1 · 5 4 ) 3 4 ' 1 2 6 >

127,56] T n i g p O i n t s t o t l i e important role of so lar

corpuscu lar s t r e a m s in the physics of c o m e t s . The

interact ion between the s t r e a m o r the so lar " w i n d "

and the a tmosphere of the comet can be regarded, as

will be shown below, in t e r m s of magnetohydrody-

n a m i c s , which e l iminates many of the mentioned (and

unmentioned) difficulties which a r e unresolved within

the f ramework of the mechanical theory.

FIG. 6. Schematic diagram of three types of tails.
SK - radius vector.
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1. PLASMA NATURE OF THE COMET HEAD

As indicated in the introduction, the heads of most
comets emit in the neutral-molecule bands, princi-
pally CN and C2. CO+, N2

+ and other ions are ob-
served in the small region of the nucleus and in type
I tails. Therefore it has always been assumed that
the coma is made up of neutral gas and contains no

ions
[101,102]

It is shown in *-87J that this is not the case and that
the coma resembles a plasma. Favoring this state-
ment are the following facts.

1. There can be many molecules and ions in the
coma (other than C2, CN, CO + , N2

+, etc.), but they
cannot be detected by their spectra because of "cut-

off" by the earth's atmosphere [121]

2. The observed CO+ and N2

+ ions can also ex-
tend over the entire coma (not only near the nucleus).
If there are not enough of them, their bands will be
masked by the intense C2 and CN radiation [ 1 6 4 > i e u .

3. There are known cases when the heads of the
comets emit predominantly in the CO+ bands.
These include comet Morehouse 1908 III [164], and
comet Humason 1961e [ 5 1 ] (Fig. 7). The CO+ bands
began to predominate in the spectra of the heads of
comet Brooks 1911V [ 1 4 e ] and Comets 1893 IV C l 6 4 ] and
1939 I II [ l 4 u as they approached the sun.

In the opinion of K. Wurm'-164-', for example, the
head of comet Morehouse 1908 III has emitted in the
CO+ bands because this comet is very poor in cyan
(CN), which is plentiful in other comets. This also
is evidence in favor of item 2 above.

4. The presence of "collapsing" envelopes (see
Sec. 4).

The degree of ionization of the coma fluctuates
between one and several dozen per cent ^87-\ Its
plasma nature explains many of the observed effects.

2. FUNDAMENTAL POSSIBILITY OF ΜAGNETO-
HYDRODYNAMIC DESCRIPTION OF PHENOMENA
IN COMETS

Most electrodynamic effects in comets result
from the interaction between the atmosphere of the
comet and the solar corpuscular streams or the
"solar wind" (we shall henceforth speak only of the
streams, but it must be borne in mind that unless
otherwise stipulated everything stated above applies
equally well to "solar wind").

However, the stream and the coma are so rarefied,
that the proton mean free path prior to the collision
with the comet molecule exceeds the dimensions of
the head of practically any comet (see below). There-
fore, as already indicated in the introduction, the
direct interaction between the stream plasma and the
comet's atmosphere is exceedingly small: in order
to explain the observed effects the streams must have
the unrealistically high density n s s 103—104 cm~3

(Sees. 6 and 7). The interpretation of many comet
phenomena thus contradicts the data on the inter-
planetary medium and the corpuscular streams. It
has become clear that the decisive role in the de-
scribed interaction is played by the magnetic field.

The influence of the interplanetary field on the ac-
celerations in type I tails was considered in '-11Oj. The
turning point, however, was apparently the paper by
Alfven , which served as a basis for a new theory—
the magnetohydrodynamlcs of comets. According to
Alfven's hypothesis, the shock wave produced upon
encounter with the solar corpuscular stream causes
thermal ionization of the comet gas, which in turn
causes the "freezing in" of the force lines inside the
gas of the comet. As the latter continues to move the
force lines are crowded out by the head of the comet
and become straight rays which fan out away from

FIG. 7. Spectrum of comet Humason 1961e, obtained by
Greenstein. As in comet Morehouse, ions are abundantly
represented in the head (photograph from [5l]).

Mo 3Mi 35Zf

Head
A'Mffi

Head

IH!i*i|ifl ;

f I
0 ΊΓ //|*V> 11 fc3

!flH* f.ii' m .?/.'

lOH* CO
BJ CHl

4J



86 L. S. MAROCHNIK

FIG. 8. Collision between corpuscular stream and the comet,
after AlfvenL1!. a) Situation prior to the collision; b) deformation
of the force lines of the magnetic field under the pressure of the
comet.

the sun, and along which the magnetohydrodynamic

waves can move. The resu l tant picture is shown in

Fig. 8.

As shown in ^87 , the picture actually produced is

somewhat different, for example there is no t h e r m a l

ionization, but an important factor in Alfven's scheme

is that the ions a r e produced in the magnetic field of

the s t r e a m , resul t ing in a " f r e e z i n g i n " of the field

Η in the comet gas . This r a i s e s the question of the

applicability of magnetohydrodynamics in this c a s e .

If the coll is ion with the s t r e a m can be descr ibed

hydrodynamically, then it is natura l to expect the

o c c u r r e n c e of shock waves. It is known that hydro-

dynamics is applicable at l eas t if the following in-

equality is satisfied

where I— mean free path, L — c h a r a c t e r i s t i c d imen-

sion in the problem under considerat ion. In the p r e s -

ent c a s e it is natura l to choose for L the quantity ξ 0

—the radius of the head of a comet of average br ight-

n e s s . In the theory of shock waves (2.1) it is replaced

by the analogous re lat ion

Ax « 1 , (2-2)

where Δχ is the width of the shock wave front. As is

well known, Ax ~ I. Thus, (2.1) and (2.2) a r e not

satisfied and hydrodynamics in pure form is not ap-

plicable h e r e . The situation changes, however, if the

head of the comet is made up of p l a s m a (see Sec. 1).

Then the collision with the c o r p u s c u l a r s t r e a m can

be regarded as an interpenetrat ion of two clouds of

rare f ied quasineutral p lasma.

Much attention has been paid recent ly to col l i s ion-

l e s s shock waves (that is , shock waves in a p lasma

where the Coulomb coll is ions a r e infrequent or non-

exis tent) . That is of importance for the physics of

hot p l a s m a '-49- et al, (controlled t h e r m o n u c l e a r

fusion) and for a s t rophys ics (theory of sudden s t a r t

of a magnetic s t o r m '-28-' o r of a comet, e tc . ) . The

width of the front of a col l i s ionless shock wave

propagating t r a n s v e r s e l y to the magnetic field is

found to be a quantity of the o r d e r of

o r
[136,66,47,106,137,107,11]

(2.3)

(2.4)

a r e the average L a r m o r rad i i ofwhere r l , and

the ion and e lec t ron.

Powerful corpuscu lar s t r e a m s from c h r o m o -

spher ic f lares , which propagate with a velocity v s

— 108 c m / s e c , contain magnetic fields Η > 10~4 Oe.

The velocity of the so lar " w i n d " is about v s = 3

x 107 c m / s e c , and the magnetic fields frozen in it

a r e of the o r d e r of Η > 1 ( Γ 5 o e [ 1 0 8 - 1 5 3 ' 2 2 ] . Conse-

quently the L a r m o r radius of the proton is r^ — 2

x 108 cm « ξ 0, that i s , condition (2.2) is satisfied in

this c a s e . A shock wave is formed and t rave l s

towards the sun in the p l a s m a of the s t r e a m . Since

the c o m e t s a r e continuously exposed to the s o l a r wind

n e a r the perihel ion (= 1—2 a.u.) and frequently enter

into the c o r p u s c u l a r s t r e a m , a magnetic field from

the penetrat ing magnetized s o l a r p l a s m a " g e t s

s t u c k " in the coma. This is caused by the ionization

produced when the s t r e a m p a s s e s through the head of

the comet and the magnetic field " f rozen i n " the

coma (Sec. 6). The field can be diss ipated p r i m a r i l y

by Joule l o s s e s , but these a r e not large enough to

des t roy the field during the t ime of encounter with two

success ive s t r e a m s or l a r g e - s c a l e inhomogeneities of

the " w i n d . "

The lifetime of the field in the head can be roughly

es t imated from the f o r m u l a ^

" ' < 2 · 5 )

where λ is the conductivity. For about 1% ionization

(see Sec. 1), λ can be obtained from the dependence
[140,108]

A = — -.-τ—
• (2A-71)3'2

( 2 . 6 )j/2e2 In Λ '

Assuming Τ = 104 °K and a Coulomb logar i thm In Λ

= 44, we obtain λ = 7 χ 10 1 2 s e c " 1 . Consequently tjj

£ 101 2 sec , whereas the t ime between entry of the

comet in two succeeding s t r e a m s apparently does not

exceed one week. We note also that tj-j » t c , where

t c is the c h a r a c t e r i s t i c t ime of the physical p r o c e s s e s

in the head of the comet . Usually

k_ 105

sec

where V^ is the average t h e r m a l velocity.

In some p a p e r s it is postulated that the coma con-

tains a magnetic field of unknown origin with a source

in the nucleus D 6 < 1 3 4 J , the field d e c r e a s i n g from the nu-

cleus towards the per iphery of the head. Such a d i s-

tribution of Η can actually be establ ished in light of

Alfven's ideas : during the incidence of the s t r e a m

on the coma, the force l ines become m o r e concentrated

n e a r the nucleus (see Fig. 8), and a sor t of magnetic
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"cushion" is produced. However, the source of the

field, as can be seen, has no bearing whatever on the

nucleus: the field of the stream "freezes in" and

remains in the coma.

If t h e r e is re lat ive motion of the ionized and neu-

t r a l components the diss ipation of Η i n c r e a s e s

strongly because of the l o s s e s to col l i s ions with the

neutra l p a r t i c l e s ^ o i l (see Sec. 7). Such a situation

takes place when a c o r p u s c u l a r s t r e a m " h o l e s

t h r o u g h " a weakly ionized coma. In this c a s e , how-

ever , the field is continuously supplied to the coma

by the s t r e a m itself, and the diss ipation stops once

the s t r e a m d e p a r t s . The coma should apparently con-

tain a magnetic field with an intensity of the o r d e r of

that observed in the s t r e a m s . Collision therefore

produces in the comet, as in the s t r e a m , a shock

wave which t r a v e l s along the p l a s m a in the head and

further into the type I ta i l .

Physical ly this is connected with the fact that the

protons of the s t r e a m t r a n s f e r the i r momentum to

the comet ions via the magnetic field, even if there

a r e no col l i s ions. We note that the hydrodynamic

analys is of the col l i s ionless p lasma is valid only if

the motion is perpendicular to the magnetic field ^ i

only in this case is the sys tem of equations for the

moments of the distr ibution function of the ions

closed without additional a s sumpt ions . The field con-

figuration in the s t r e a m is unknown. However, the

distr ibut ion of Η can hardly be regarded as suffi-

ciently o r d e r e d . A Shockwave is therefore apparently

produced, although natural ly nothing can be said about

the s t r u c t u r e of its front o r some of the fine deta i l s .

We note incidentally that under favorable conditions

the shock waves can be produced by coll is ion between

the s t r e a m and the comet even in the absence of an

initial magnetic field. According to ^ -̂  a c e r t a i n in-

stabil ity a r i s e s in such a situation, and the magnetic

field of the resu l tant perturbat ion keeps the t r a n s i -

tion region from spreading out. The width of the

and in a comet

Ax, -5-101

front is descr ibed by the formula

where

[95]

Ax~

AT = T±-

m

m

τ

i
e ^

ii >

c
>0i

o,

= -

1
(LLYI.

[AT! \ Te

=

1

/ I

ι ) 2 .

τ

•(«x

1
\2

j '

- v ± y

(2.7)

OJQJ = V 4we2nj/mi is the ion p lasma frequency and T e

is the e lect ron t e m p e r a t u r e . The ion distr ibution

function can be a r b i t r a r y and anisotropic, while the

e l e c t r o n s a r e as sumed to have an isotropic d i s t r ibu-

tion because of the i r shor t re laxat ion t i m e .

As follows from (2.7), the width of the wave front

in a c o r p u s c u l a r s t r e a m which has no magnetic field

is of the o r d e r of

V? AT (2.9)

Δ.τ.~3·10 1 0 ί_Ιΐΐ/£ΐ (2 8

Vn- T. V AT ' < -°

where n s is the s t r e a m density and n c the ion den-

sity in the comet . It is easy to see that at sufficiently

large (but feasible) n s , n c , ΔΤ, and T e it is poss i -

ble to obtain Δ χ 8 and Δχ 0 « ξ0, that is, a shock

wave.

3. SHOCK WAVES IN COMETS

Shock waves are thus produced when a comet en-

ters into a corpuscular stream. One wave propa-

gates in the stream plasma towards the sun, and the

second travels along the coma to the nucleus and

further to the tail. Behind the wave front traveling

in the coma there is a separation boundary (between

the flux and the comet) which serves as a unique

magnetic "piston" which sweeps out the ionized gas

from the head and from the tail. The neutral mole-

cules pass through the "piston" into the stream

without opposition, become ionized (see Sec. 6), and

are then also dragged by the magnetic field. Since

the mean free path of a neutra l par t ic le is I » ξ ο,

the shock wave in the coma t r a v e l s only over the

ions. The density of the p lasma in the head d e c r e a s e s

from the c e n t e r towards the per iphery (see the in-

troduction) , and the wave front and the separat ion

boundary therefore become deformed. The d e c e l e r a -

tion of the front will be a maximal along the shock

axis , and minimal on the edges of the head. The

front and the separat ion boundary begin to " c o l l a p s e "

towards the s y m m e t r y axis (Fig. 9). The magnetic

field will be focused towards the center of the head.

The initial p a r a m e t e r s of the shock waves (that is ,

the jumps in the velocity, p r e s s u r e , e tc . at the in-

stant of collision) were calculated in L86>88-, where

initially plane and perpendicular waves were a s sumed.

As is well known, the action of oblique waves at

angles of encounter up to 45° differs l itt le from that

of perpendicular waves ^ , so that such an a s s u m p -

tion is justified in a f irst semi-qual i tat ive calcula-

t i o n [ 8 6 ' 8 8 ] .

The interact ion between the a tmosphere of the

comet and the s o l a r c o r p u s c u l a r s t r e a m produced by

a c h r o m o s p h e r i c f lare was considered in ^ . Such

s t r e a m s contain cosmic r a y s causing the p r e s s u r e

p s inside the s t r e a m to be of the o r d e r of the kinetic

FIG. 9. Schematic rep-
resentation of the occur-
rence and motion of "col-
lapsing" envelopes. On ap-
proaching the nucleus, the
visible lengths of the arcs
of the shells increase, and
the ends draw closer to-
wards the continuation of
the radius vector.

\
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energy of re lat ive motion of the s t r e a m and the

comet

where p s = mj jn s is the m a s s density of the s t r e a m
and ν ~ v g ~ 108 c m / s e c ( t h e re lat ive velocity is
ν ~ v s , s ince the orbital velocity of the comet is
vc ~ 30—40 k m / s e c « v s ) . Therefore the shock
wave in the s t r e a m will be weak. The shock wave in
the coma will be s t rong since

Pc € -%-

The compress ion of the gas in such a wave is
. . Ι Λ

where

1 - α - ι

γ — 1

for a diatomic comet gas.

The c o m p r e s s i o n in the s t r e a m is obtained from

gasdynamic conservat ion laws

Q1V1 = Q2V2,

[88],

(3.1)

where the subscr ip t 1 r e f e r s to the unperturbed

p l a s m a of the s t r e a m and 2 r e f e r s to the s ta te behind

the wave front; p * = p + p c r i s the total p r e s s u r e

(gas plus c o s m i c - r a y p r e s s u r e ) ; ε* = £ + £ c r is the

total internal energy. Inasmuch as

8it X N r c r >

t h e m a g n e t i c p r e s s u r e i s n o t t a k e n i n t o a c c o u n t . T h e

c o s m i c - r a y g a s i s a s s u m e d t o b e p o l y t r o p i c w i t h

yCY - V3, w h i l e f o r t h e g a s i n t h e s t r e a m y s = %.

T h e c o m p r e s s i o n i n t h e s t r e a m i s f o u n d t o b e a s

= 2 . 5 3 .

A t t h e i n s t a n t o f c o l l i s i o n , t h e s i t u a t i o n i l l u s t r a t e d

i n F i g . 1 0 i s p r o d u c e d . T h e v e l o c i t i e s o f t h e s e p a r a -

t i o n b o u n d a r y a n d o f t h e s h o c k w a v e s a n d t h e p r e s -

s u r e d i s c o n t i n u i t y a r e d e t e r m i n e d b y t h e f o r m u l a s '

"imp

i — 1

(3.2)

„ - nPimp-Pc -P.+

(3.3)

(3.4)

(3.5)

w h e r e U i m p — v e l o c i t y o f t h e s e p a r a t i o n b o u n d a r y ,

p c = 2 8 m j j n c — m a s s d e n s i t y o f t h e i o n i z e d c o m p o n e n t

o f t h e c o m a , D 2 c a n d D 2 S — v e l o c i t y o f t h e f r o n t o f

t h e s h o c k w a v e i n t h e c o m e t a n d i n t h e s t r e a m , r e -

s p e c t i v e l y , a n d P j m p — p r e s s u r e o n t h e b o u n d a r y b e -

t w e e n t h e t w o m e d i a a t t h e i n s t a n t o f i m p a c t . T h e

r e s u l t s a r e s u m m a r i z e d i n T a b l e I I .

O w i n g t o t h e d r o p i n t h e d e n s i t y f r o m t h e c e n t e r

o f t h e c o m e t h e a d t o w a r d s t h e e d g e s , t h e s h o c k w a v e

f r o n t a n d t h e s e p a r a t i o n b o u n d a r y a r e d e c e l e r a t e d a s

t h e y t r a v e l t h r o u g h t h e c o m a . T h e s e p a r a t i o n b o u n d -

a r y w i l l s t o p w h e r e p j m p ~ p c ( z t ) . F r o m t h i s w e

c a n f i n d t h a t z l i s o f t h e o r d e r o f 1 0 0 — 5 0 0 0 k m , t h a t

i s , i t c o r r e s p o n d s t o a r e g i o n n e a r t h e n u c l e u s ,

f i l l e d w i t h i o n s a n d o f u n k n o w n o r i g i n . T h e s p h e r e

c e n t e r e d a b o u t t h e n u c l e u s , w i t h r a d i u s z t = r l f c a n

b e c a l l e d t h e e f f e c t i v e n u c l e u s '-88-'. T h e s e p a r a t i o n

b o u n d a r y — t h e m a g n e t i c " p i s t o n " — " g e t s s t u c k " i n

t h e e f f e c t i v e n u c l e u s , b u t t h e s h o c k w a v e , w h i c h a t -

t e n u a t e s t o a s o u n d w a v e , p a s s e s t h r o u g h t h i s n u c l e u s .

Since the density again d e c r e a s e s when ζ > 0 (see
Fig. 10), the sound wave is acce le ra ted and again
t u r n s into a shock wave (Sees. 7—8). The gas con-
ductivity in the effective nucleus is low, so that the
trapped magnetic field of the s t r e a m will diffuse
through the s t r e a m and go over into the tail (the dif-
fusion velocity is e s t imated in Sec. 7).

In '-8G- t h e r e is considered the interact ion between
a comet or a " w i n d " o r c o r p u s c u l a r s t r e a m of kind
II (from a s o l a r facula). In such s t r e a m s t h e r e a r e
no cosmic r a y s and they a r e l e s s intense ( v s = 3
x 107 c m / s e c , Η ~ 10" 5 Oe, n s ~ 1—10 c m " 3 , p s

= Η | / 8 π « pv2/2). The quantit ies U i m p , D 2 C , D 2 S ,
Pimp· e t c , can be calculated from formulas (3.1)—
(3.5) by success ive approximations '-86-1. F o r the same
values of n c / n s , the values of U i m p , D 2 C , P i m p . e t c . ,
turn out to be s m a l l e r than in the case of a " f l a r e . "
For example, for n c / n s = 3.3 x 10 we have

s 6.3 x 105 c m / s e c , T 2 C / T 1 C =s 4.75, and P i m p / p c

e 13.4 ( see fourth line of Table II).

The motion of the separat ion boundary and of the

FIG. 10. Illustrating the collision of a comet with a
stream. p i m p — pressure produced on the boundary be-
tween the stream and the comet upon impact; Uim p —
velocity of the boundary; D 2 s , D2c — velocities of the
shock waves produced upon collision and propagating
in the stream and in the coma, respectively. The coordi-
nate system is centered in the comet.
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Table II

89

3.3-10-2
3.3-10-1
3.3
3.3-10
3.3-102

cm"3

for

0.78
0.45
0.12
0.038
0.013

3.3-10-1
3.3

3.3-10
3.3-102
3.3-103

uimpcm/sec

t's=108cm/sec

7
4
1
3
1

8-10'
5-10'
2-10'
8-106
3-106

Pimp

Pc

2.4-105
7.8-10*
5.6-103
5.9-102

67

4-10*
1.3-104
9.3-102

98
11.2

2c (eV)
for

=104 °K

3.45-10-1
1.12-104

8-102
84.5
9.7

Here T 2 c/T l c — ion-temperature jump behind the front of the wave propagating
towards the coma.

shock wave causes the appearance of the "collapsing"

envelopes in the head of the comet, described in the

introduction (see Sec. 4).

In order to estimate the deceleration due to the

increase in density, it is necessary to know the de-

pendence of the force of the wave on n. On the basis

of the data of '-"-', the following dependence was de-

rived in [91].

Ρ
const (3.6)

where Δ ρ / ρ (force of the wave) is the ra t io of the

p r e s s u r e jump on the front to the p r e s s u r e in the un-

per turbed p lasma. F r o m this we can obtain the d e -

g r e e of deformation of the front. At each instant of

t ime its outl ines a r e descr ibed by the equation

t = const = \
dz

-Ιο

with

DL = t

(3.7)

(3.?

w h e r e Vrp i s t h e v e l o c i t y o f s o u n d .

I n c a l c u l a t i n g ( 3 . 7 ) a c c o u n t m u s t b e t a k e n of ( 3 . 6 )

a n d of f o r m u l a ( 3 ) f r o m t h e i n t r o d u c t i o n . I t i s c l e a r

t h a t t h e f r o n t " c o l l a p s e s " t o w a r d s t h e O z a x i s i n

t h e x y p l a n e b e c a u s e of t h e p r e s e n c e o f a d e n s i t y

g r a d i e n t ( s e e F i g . 9 ) .

So long as the wave is s t rong ( Δ ρ / ρ » 1), the

separat ion boundary duplicates exactly the form of

the front of the shock wave preceding it. In this case

the c o m p r e s s i o n c e a s e s to depend on Δ ρ / ρ and a s -

s u m e s a value ac = 6. It then follows from (3.3) that

A * = 1.2iiimp. (3.9)

Thus, the magnetic " p i s t o n " which follows the

front of the wave becomes focused towards the c e n t e r ,

so that noticeable cumulative effects can be expected.

By sweeping the ions of the comet, such a focusing

" p i s t o n " c o n c e n t r a t e s them in a smal l region in the

c e n t e r . Since the " p i s t o n " stops at a dis tance z t = r t

~ 100-5000 km from the center (see above), the

dimension of the region in which the ions e n t e r will

apparent ly a lso be close to r t . This explains why the

ions a r e observed n e a r the nucleus .

Can a shock wave produce an explosion in the
nucleus and an eruption of a halo? This thought was
f irst advanced by the author '-84-' and analyzed in
g r e a t e r detail in L86,9iJ ^ w a g i a j - e r d i scussed in '-134-'.

Without account of cumulation (in so far as we

know, at the p r e s e n t t ime there a r e no gasdynamic

solutions of the problem of a shock wave converging

towards the c e n t e r in a medium with var iable den-

sity), the energy given up by the wave to a solid c o r e

is of the o r d e r of Q' s 101 2 e r g '-91-', that is , c o n s i d e r -

ably lower than n e c e s s a r y for the formation of a halo

(see Table I).

In o r d e r to take account of the cumulative effect in

f i rs t approximation, we multiply Q' by a factor S/So,

where S is the a r e a of the surface of the comet head

and SQ is the a r e a of the sur face of the nucleus .

It is easy to see that an energy

is sufficient for halo production with some m a r g i n .

4. "COLLAPSING" ENVELOPES

In the head of comet Morehouse 1908 III there

w e r e observed envelopes which moved towards the

nucleus and s imultaneously " c o l l a p s e d " in the d i-

rect ion towards the rad ius vector, gradually going

over into the tai l . According to Eddington's observa-

tions L42-, the visible a r c s lengths of these envelopes

increased continuously during the motion, so that

when the c e n t r a l p a r t reached the nucleus the ends

turned out to be a l ready far in the tai l , forming the

well-known " w h i s k e r " r a y s which move towards the

continuation of the radius vec tor . The velocit ies of

the envelopes observed in comet Morehouse ranged

from 1—2 to 14—15 k m / s e c .

The outl ines of the envelopes became s h a r p e r as

they approached the center of the head, and d i sap-

peared n e a r the nucleus . Such envelopes were ob-

served in dist inct form (directly) only in comet More-

house 1908 III, the head of which contained according

to spectroscopic data, principal ly CO + gas £146,164]_

However, " c o l l a p s i n g " envelopes a r e apparently

c h a r a c t e r i s t i c not only of comet Morehouse but a lso

of all comets with developed type I tails!-29-'. The
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numerous " w h i s k e r " rays (ends of the envelopes) a r e

seen, for example, in comets Brooks 1893 IV, Daniel

1907 IV, F ins le r 1937 V, and many o t h e r s . As noted

c o r r e c t l y by K. Wurm '-164-', the difference between the

envelopes in comet Morehouse and the envelopes in

the other comets (the f o r m e r w e r e observed, as a l-

ready indicated, d i rect ly in the second only from the

motion of the rays in the tail) is apparent ly due to

the difference in the chemical composit ion: the heads

glow essent ia l ly in the neutra l l ines C 2, CN, C3, e tc . ,

w h e r e a s in the head of Morehouse comet the glow is

produced essent ia l ly by the CO + ions. In any c a s e ,

this is one of the main r e a s o n s .

It was impossible to c o m p a r e the appearance of

the envelopes with the so lar data, for even the B a r t e l s

geomagnetic indices a r e given every four h o u r s ,

w h e r e a s the envelopes w e r e generated sufficiently

frequently one after the o ther , with intervals ranging

from 20 minutes to two hours ^42-'.

However, as noted by Eddington *-42-' and l a t e r by

O. V. Dobrovol'skii '- 2 9 ' ' , during the observat ions of 2

October 1908, the alt i tudes at which the envelopes of

comet Morehouse appeared w e r e considerably l a r g e r

than in other days, and a f lare of s o l a r activity o c -

c u r r e d during the s a m e night (allowing for reduction

of the data to the comet) : the B a r t e l s index was twice

the average of the remaining days ^ . It can thus be

thought that a connection ex i s t s between the o c c u r -

r e n c e of the envelopes and the so lar c o r p u s c u l a r

s t r e a m s . The f irst to point to such a possibi l i ty was

Eddington ^ , who proposed that this phenomenon is

due to the entry of the comet into the s t r e a m of

charged par t ic le s that move from the sun and e x e r t

an appreciable influence on the nucleus of the comet .

L a t e r on S. V. Orlov [ 1 0 1 > 1 0 2 ; l noted sti l l another in-

teres t ing fact, namely that the " c o l l a p s i n g " envelopes

in comet Morehouse were generated at approximately

the s a m e altitude where the mult i layer expanding

dust envelopes a r e observed. For example, in the

c a s e of comet Morehouse the envelopes appear at an

alt i tude of approximately one mil l ion k i l o m e t e r s ί 1 0 2-'.

The known p a r a m e t e r s c h a r a c t e r i z i n g the envel-

opes include thei r velocit ies and the ra t ios of the

sections of the visible a r c s ^ 2 . Nothing definite can

be said concerning the change in velocity on a p -

proaching the nucleus, s ince t h e r e a r e only a few

m e a s u r e m e n t s and these a r e f u r t h e r m o r e qualita-

tively different: for example on 27 October 1908 the

envelope velocit ies c lear ly d e c r e a s e d , while on 30

October they were pract ica l ly constant. This is p a r -

t icular ly seen on the plots presented in L29>30.

The u t te r inconsistency of the mechanical theory

when it comes to the " c o l l a p s i n g " envelopes was

f i rs t pointed out by Eddington ^42 . This was subse-

quently confirmed in Lioi-103,48,96,97]

The fact that the envelopes consis t of ionized gas

points to the important ro le of e lec t rodynamics in

this phenomenon. The f i rs t and apparent ly u n s u c c e s s -

ful at tempt to present an e lectrodynamic explanation

of the " c o l l a p s i n g " envelopes a r e contained in O5-29J.

According to ^ the envelope velocity is ν s 2

x 10 4 t 2 c m / s e c , where t is the t ime of interact ion

between the head of the comet and the s t r e a m . F o r

t ~ L s / v s ~ 1O12/1O8 ~ 104 sec ( L s is the " t h i c k n e s s "

of the s t r e a m ) we a r r i v e at an absurdly large en-

velope velocity. The hypothesis of ^ a l so encounters

many other difficulties.

A m o r e probable scheme is proposed in '-90^1. The

" c o l l a p s i n g " envelope is produced upon encounter

with a corpuscu lar s t r e a m (or " w i n d " inhomogeneity),

and const i tutes the magnetic " p i s t o n " descr ibed in

Sec. 3. The " c o l l a p s e " is a consequence of the p r e s -

ence of a density gradient (see Sec. 3); so long as the

wave i s s t rong, the form of the envelope is d e t e r -

mined by (3.7). The envelopes a r e observed because

of the compress ion of the p lasma in the shock wave

which t rave l s in front of the " p i s t o n . " Since they

have been photographed in integral light, it is c l e a r

that the compress ion of the ions in the shock wave by

a factor of 6 will be m o r e noticeable provided the gas

of the coma is pract ica l ly completely ionized as is

the c a s e , for example, in the Morehouse comet . In

comets with a coma of low ionization the envelopes

can hardly be observed at all, because of the insig-

nificant i n c r e a s e in the glow of the ions, the number

of which is smal l (numerical e s t i m a t e s a r e found

in
OO],). In this c a s e , however, the envelopes still

exist, although they a r e unobservable. This a g r e e s

with the opinion of K. Wurm ^ .

The calculated envelope veloci t ies, as can be seen

from Table II and the data of Sec. 3, agree with the

observat ions, and this agreement is be t te r for the

weaker s t reams—faculas and s o l a r " w i n d . "

The frequent appearance of envelopes is apparently

connected with the s t r u c t u r e of the s t r e a m . This idea

belongs to O. V. Dobrovol 'skri and was confirmed by

him by observat ions of the s t r e a m s L .

The existence of envelopes (even when they cannot

be seen in the head but a r e detected by the motion of

rays in a type I tail) once m o r e offers evidence of the

p lasma nature of the coma: the envelope can be p r o -

duced and move only when the protons of the s t r e a m

t r a n s f e r momentum to the gas of the comet via a

magnetic field, which is possible if the coma is a

p lasma (Sec. 1). This " c o l l a p s e " mechanism acts

also in ta i l s of type I (see Sec. 8); it explains in

natural manner , as will be shown later , the dynamics

of the ray s y s t e m s . A detailed analysis of the phe-

nomenon is contained in L9 .

It is appropr ia te to note h e r e the following. When

comet Arend-Roland 1956h passed through perihel ion

in 1957, radio s ignals were received from it at f re-

quencies 27.7, 600, and 1420 Me. The 600 Me signals

were received in an 8° region centered about the nu-

c leus . They were identified with monochromatic

e m i s s i o n from the CH molecules , due to the t r a n s i -
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tion between the sublevels of the Λ-doubling of the

J " = 15 level of the 2 Π 3 / 2 s ta te ^ 6 ' 1 4 Q . The radiat ion

at 27.6 Me (intensity I = 5 χ 1O^22 W/m 2 cps ) was

observed approximately 7000 mi les from the nucleus

in the tail, and the source moved away along the con-

tinuation of the radius vector Bs.sfl However, this
Γ7&Π

e m i s s i o n c o u l d n o t b e o b s e r v e d i n C a m b r i d g e L J .

A t t e m p t s w e r e m a d e a l s o t o o b s e r v e r a d i o e m i s s i o n

f r o m c o m e t B u r n h a m 1 9 5 9 k [ 2 5 ] , c o m e t W i l s o n [ 4 ° , a n d

c o m e t S e k i - L i n e s 1 9 6 1 c l-1 3 5^. T h e r e s u l t s a r e c o n t r a -

d i c t o r y : t h e e f f e c t w a s o b s e r v e d i n '-135-1 b u t n o t i n ^ 2 5 ' 4 5 - .

I n s p i t e o f t h e r e s u l t a n t d o u b t s , i t i s a p p r o p r i a t e t o

d i s c u s s b r i e f l y t h e p r o b a b l e m e c h a n i s m s o f r a d i o

e m i s s i o n f r o m c o m e t s .

T h e e q u i l i b r i u m m e c h a n i s m s a n a l y z e d i n t i 2 0 , i 5 0 ]

a r e t o o w e a k . N o n e q u i l i b r i u m m e c h a n i s m s a r e c o n -

s i d e r e d i n I-36-', w h e r e i t i s s h o w n t h a t t h e r a d i o e m i s -

s i o n d u e t o t h e i n t e r a c t i o n b e t w e e n p r o t o n s o f t h e

c o r p u s c u l a r s t r e a m w i t h t h e d u s t c o m p o n e n t '-44-' a n d

t o s y n c h r o t r o n a n d C e r e n k o v r a d i a t i o n of e l e c t r o n s

i n a m a g n e t i c f i e l d , o r t h e r a d i o e m i s s i o n f r o m

a t o m i c h y d r o g e n i n t h e c o m e t a t m o s p h e r e a r e a l l of

l o w e f f i c i e n c y .

T h e h y p o t h e s i s w a s a d v a n c e d i n '-36-' t h a t t h e r a d i o

e m i s s i o n o b s e r v e d a t 2 7 . 6 M e i s d u e t o p l a s m a o s c i l -

l a t i o n s . F a v o r i n g s u c h a h y p o t h e s i s a r e t h e s i n g u -

l a r i t i e s o f t h e e f f e c t : d e c r e a s e i n i n t e n s i t y w i t h t h e

i n c r e a s i n g f r e q u e n c y , c o n t i n u o u s f l u c t u a t i o n s i n t h e

i n t e n s i t y , a n d m o t i o n of t h e s o u r c e . T h e 2 7 M e f r e -

q u e n c y c o r r e s p o n d s t o a n e l e c t r o n d e n s i t y n e s 3

x 1 0 8 c m " 3 ; i t i s t h e r e f o r e p r o p o s e d i n ^ t h a t t h e

t a i l ( n e

a i l = 1 0 — 1 0 3 c m ~ 3 ) h a s i n h o m o g e n e i t i e s o f

t h e s a m e d e n s i t y . T h e l a t t e r i s d o u b t f u l D o - , b u t t h e

m a i n i d e a a d v a n c e d i n ^ c o n c e r n i n g t h e p l a s m a

o s c i l l a t i o n s i s a p p a r e n t l y c o r r e c t .

A d i f f e r e n t s c h e m e w a s p r o p o s e d i n '-90-': t h e

" c o l l a p s i n g " e n v e l o p e d e s c r i b e d a b o v e s w e e p s t h e

i o n i z e d c o m p o n e n t o f t h e c o m a t o w a r d s t h e c e n t e r ,

a n d i n s o m e c a s e s t h e d e n s i t y i n t h e e f f e c t i v e n u -

c l e u s i s , n e s 1 0 8 c m " 3 . A s a u s a g e - t y p e i n s t a b i l i t y

i n t h e f r o n t o f t h e s h o c k w a v e m a y c a u s e p l a s m a

o s c i l l a t i o n s . T h e s o u r c e m o v e s a l o n g t h e t a i l b e -

c a u s e t h e p l a s m a i s s w e p t b y t h e m a g n e t i c f i e l d o f

t h e s t r e a m .

T h e t r a n s f o r m a t i o n o f p l a s m a w a v e s i n t o r a d i o

e m i s s i o n h a v i n g a n i n t e n s i t y c l o s e t o t h a t f r o m c o m e t s

c a n b e d u e t o t h e s c a t t e r i n g o f t h e s e w a v e s b y f l u c -

t u a t i o n s o f t h e d i e l e c t r i c c o n s t a n t , a n d a l s o i n r e -

g i o n s w h e r e g e o m e t r i c a l o p t i c s a r e v i o l a t e d i n t h e

p r e s e n c e of l a r g e d e n s i t y g r a d i e n t s L 2 1 ' 8 5 ^ .

I t i s s h o w n i n L 8 5 » 3 O t j j a t r a ( j i o e m i s s i o n f r o m t h e

c o m e t s c a n n o t b e r e f l e c t e d r a d i o e m i s s i o n f r o m t h e

s u n , a s s u g g e s t e d i n .

5 . O U T L I N E S O F C O M E T H E A D S

The shapes of the Ν, Ε, and C heads a r e due to

understandable c a u s e s (see the introduction). The

situation is worse with the Μ head, the outlines of

which is c lose to a catenary '- 1 0 2 · 1 4 ' 1 2 - ' whereas m e -

chanical theory leads to a parabola t 1 0 2 - 1 0 1 ^ The

round diffuse C head approaching the sun frequently

d e c r e a s e s in s ize , becomes s h a r p e r , and goes over

into an Μ head, and at the s a m e t ime the type I tail

i n c r e a s e s .

If the dens i t ies of the ions and the n e u t r a l s a r e

approximately equal in the p e r i p h e r a l p a r t s of the

coma, the outline of the head on the ce les t ia l sphere

is d e t e r m i n e d by the configuration of the magnetic

field which produces the ionized component. It is

shown in L83>87J that in this case the outline of the head

is actually descr ibed by the equation of the c a t e n a r y

= a c o s h — . (5.1)

Of c o u r s e , if the ionization is low, no ions can be

seen in the s p e c t r u m and the field cannot determine

the shape of the head ^ .

For example, it is proposed in ^134-' that the c o m -

p r e s s i o n of the coma on approaching the perihel ion

is caused by the magnetic and kinetic p r e s s u r e s of the

s o l a r " w i n d . " Corroborat ing calculat ions a r e p r e -

sented for the Encke ' s comet in which, according to

the s p e c t r a , the coma is purely neutra l . It is thus

c l e a r that the calculat ions of ^134-' a r e i n c o r r e c t .

6. MOLECULE IONIZATION IN COMETS

As indicated, the CO + , N2

+, and CO2

+ ions which

a r e observed in the c o m e t s form type I ta i l s . The

ions a r e observed spectra l ly in the head only in a

smal l region n e a r a solid nucleus, the dimensions of

which do not exceed 5000 km '-165--', w h e r e a s the

d i a m e t e r of the head of a comet of average br ightness

is on the o r d e r of (2—5) χ 105 km. The l i fet imes of

the parent molecules p r i o r to the production of the

ions of the kinds indicated can be obtained from dif-

ferent cons idera t ions , and amount approximately to
Tp(CO*) 1O3·5 sec L165J. Indeed, the t e m p e r a t u r e of the

neutra l gas ranges apparently from Τ = 200°K ( tem-

p e r a t u r e of the nucleus) to Τ = 104 °K (acquired by

the " f r a g m e n t s " of the parent molecules during the

dissociat ion '- 1 5 1-'). Therefore a molecule moving with

t h e r m a l velocity ( ν τ=104°Κ = 2 x 105 c m / s e c ,
vT=200°K = 2-83 x 104 c m / s e c ) will cover a path of

5000 km (the path p r i o r to ionization) in a t ime

τ = 2.5 x 10 3 -1.77 x 104 s e c .

Approximately the same value of Tp(QQ+) is ob-

tained from the osci l lat ions in the emiss ion of CO +

[163] r p n e interval between the appearances of the

" c o l l a p s i n g " envelopes such a s of the comet M o r e -

house a r e a lso of the o r d e r of 1—2 h o u r s ; the ioniza-

tion dis turbed by the pass ing envelope, the magnetic

field of which sweeps the ions from the head in a

type I tai l , should be r e s t o r e d within this t i m e .

The c a u s e s of the molecule ionization in the comets



92 L . S. M A R O C H N I K

a r e s t i l l n o t c l e a r , s i n c e a l l t h e m e c h a n i s m s c o n -

s i d e r e d a r e t o o w e a k t o p r o v i d e t h e o b s e r v e d d e g r e e

of i o n i z a t i o n . T h i s w a s e m p h a s i z e d in t h e l i t e r a t u r e

m a n y t i m e s D65-i67]_

I n d e e d , i n t h e f ie ld of s o l a r p h o t o s p h e r i c r a d i a t i o n ,
T p ( C O + ) ~ 1 Q 8 ' 5 s e c i2S'ml< w h i c h i s f ive o r d e r s of

m a g n i t u d e l a r g e r t h a n t h e o b s e r v e d v a l u e . In t h e f ie ld

of t h e h a r d r a d i a t i o n f r o m t h e c h r o m o s p h e r e a n d t h e

corona, τρ(Ν2

+) ~ 1 Q 6 s e c '-29'119-'. Thus, the photoioni-

zation is apparently insignificant. Ionization by e l e c -

tron impact when the comet e n t e r s the so lar corpusu-

l a r s t r e a m is negligibly smal l ^ . Ion production by

charge exchange L?>21^ in accordance with the scheme

H + + M — • M + + H , where Μ i s the comet molecule,

also leads to an exceedingly large t ime τ s 3 χ 106

sec at a s t r e a m density n s e 10 c m " 3 . The need for

such a large proton concentrat ion in the s t r e a m ,

2—3 o r d e r s of magnitude l a r g e r than the rea l value,

i s the main shortcoming of L. B i e r m a n n ' s theory .

T h e r m a l ionization in a shock wave (according to

Alfven's idea) is a lso insignificant, owing to low

densi t ies of the s t r e a m and of the coma ™7 .

It was proposed in '-59-' that the ionization of the

comet molecules i s due to the s a m e factors a s in the
exper iment of U. Fahleson [46] P a r t i a l l y ionized gas

( H2, N 2 ) was placed between two coaxial cy l inders

A f and A2 s i tuated in a magnetic field, as shown in

Fig. l l a . Following a d i scharge, the ionized compo-

nent s ta r ted to ro ta te , so that the situation analogous

to that in a comet was c r e a t e d — a magnetized p l a s m a

"hol ing t h r o u g h " a neutra l gas .

With increas ing voltage, the speed of rotat ion in-

c r e a s e d , until some c r i t i c a l value was reached, after

which the degree of ionization increased and the

velocity remained constant at ν = Vcr = const . When

the ionization approached 100%, the speed again be-

gan to i n c r e a s e (Fig. l i b ) . It is c l e a r that if ν < v c r

the energy fed to the p l a s m a goes into i n c r e a s e of the

speed of rotat ion; at ν = v c r sa turat ion se t s in and

the energy goes into ionization. An e x t r e m e l y i n t e r -

est ing fact is that v c r sat is f ies the re la t ion

where Μ is the m a s s of the atom (molecule) of the

gas under considerat ion and xj i t s ionization poten-

tial .

If the causes of this effect exis t a lso in c o m e t s ,

then the ionization problem can be regarded as

solved, s ince the energy of the c o r p u s c u l a r - s t r e a m

protons sat is f ies Eq. (6.1) with some margin.

It is known that Eq. (6.1) can be satisf ied for e l e c -

t r o n s by s t re tching the point somewhat ( Μ —» m e ) .

F o r impact ionization the ion kinetic energy should

be on the o r d e r of ~ Μχ^/τηβ. In this connection,

Alfven ^ propose that in this case energy is being

pumped over from the ions to the e l e c t r o n s . Accord-

ing to Alfven the colliding atoms knock out the ions

from regions having e x c e s s e l e c t r o n s . The resu l tant

potential difference a c c e l e r a t e s the e lec t rons to an

energy on the o r d e r of XJ. However, the Alfven m e c h -

anism is apparently not enough, since the distance over

which the strati f ication of the charges occurs is on the

o r d e r of the Debye dis tance. The potential difference

resul t ing from this is «χ[ ( S. B. P i k e l ' n e r ) .

The theory of the Fahleson effect is given in '-77-'.

In final analys i s , the relaxat ion of the energy (of the

e lec t rons and ions) is the r e s u l t of col l i s ions, and

does not take place in the " c o m e t " c a s e , when the

relaxat ion t ime is exceedingly large '-87-' owing to the

low s t r e a m density. Thus, the r e s u l t s of °6^ can ap-

parent ly not be extrapolated to include c o m e t s .

A qualitative solution of the ionization problem

was proposed in t 9 2^, but quantitative calculat ions a r e

n e c e s s a r y for final conclusions. The idea of '-92-' con-

s i s t s in the following. With p r o g r e s s i n g c o m p r e s s i o n

of the envelope, as descr ibed in Sees. 3-4, the m a g -

netic field focuses the protons of the s t r e a m ( " w i n d " )

towards the c e n t e r of the head (see Fig. 9), and thei r

density i n c r e a s e s . The growth of the proton concen-

tra t ion in the s t r e a m i n c r e a s e s the intensity of the i r

charge exchange with the comet molecules . The d e -

c r e a s e in the t rans la t ional velocity of the magnetic

" w a l l " and of the frozen-in protons, which r e s u l t s

from the decelerat ion descr ibed in Sees. 3-4, does not

affect the charge-exchange efficiency, in view of the

conservat ion of the adiabatic invariant. Since the law

governing the i n c r e a s e in the density of the ionizing

protons should be close to the law governing the d i s -

tribution of the density of the c o m e t gas that d e c e l e r -

ates the magnetic wall, we can apparently a s s u m e , in

f i rs t approximation,

(6.2)

Ionization

ο

FIG. 11. Diagram for Fahleson's experiment!^• " 1 .

b)
700% Velocity
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w h e r e ξ 0 i s t h e r a d i u s of t h e c o m e t h e a d , r i s t h e

d i s t a n c e t o t h e n u c l e u s , and n g i s t h e u n p e r t u r b e d

d e n s i t y of t h e p r o t o n s of t h e s t r e a m .

It i s s e e n f r o m (6.2) t h a t p r i o r t o c o l l i s i o n w i t h

t h e c o m e t t h e s t r e a m c a n b e q u i t e r a r e f i e d . F o r e x -

a m p l e , f o r ξ 0 s 1 0 1 0 c m , r , = 5 x 10 8 c m ( r e g i o n in

w h i c h t h e i o n s a r e o b s e r v e d ) , a n d n | = 10 c m ^ w e

g e t n s ( r j ) s 4 x 1 0 3 c m " 3 . T h i s e n s u r e s f o r t h e

p a r e n t m o l e c u l e s a l i f e t i m e p r i o r t o i o n i z a t i o n on t h e

o r d e r of T p ( C Q + ) s 1.3 χ 10 4 s e c a t v s s 3 χ 10 τ

c m / s e c a n d T p ^ Q + ^ s 4 x 1 0 3 s e c a t v s es 10 8

c m / s e c . T h u s , in o r d e r t o e x p l a i n t h e o b s e r v e d i o n i -

z a t i o n w h e r e i s no n e e d t o u s e e x c e e d i n g l y d e n s e

c o r p u s c u l a r s t r e a m s a s w a s d o n e b y L. Biermann'- ' - ' ,

f o r t h e f o c u s i n g of t h e p r o t o n s by t h e m a g n e t i c f i e ld

e x p l a i n s b o t h t h e o b s e r v e d l i f e t i m e s of t h e m o l e c u l e s

in t h e c o m e t s p r i o r t o i o n i z a t i o n a n d t h e n a t u r e of t h e

s m a l l r e g i o n n e a r t h e n u c l e u s w h e r e t h e i o n s a r e o b -

s e r v e d .

7. ACCELERATIONS IN IONIZED TAILS

As m e n t i o n e d in t h e i n t r o d u c t i o n , a c c e l e r a t i o n s in

t y p e II a n d III c o m e t t a i l s a r e w e l l e x p l a i n e d b y t h e

r a d i a t i o n p r e s s u r e of t h e s u n l i g h t ( 1 + μ ~ 1 ) . In

t y p e I t a i l s , t h e a c c e l e r a t i o n s a r e d e t e c t e d b y t h e

m o t i o n of t h e c l o u d s (we do n o t k n o w how t h e s e a r i s e ) .

H e r e 1 + μ > 20, and f r e q u e n t l y 1 + μ ~ 1 0 0 - 1 0 0 0 [ 1 3 3 ] .

O n c e i t b e c a m e c l e a r t h a t t h e s e t a i l s a r e g a s e o u s ,

a t t e m p t s w e r e m a d e t o e x p l a i n s u c h h i g h a c c e l e r a -

t i o n s w i t h t h e a i d of t h e P a u l i t h e o r y of r a d i a t i o n

p r e s s u r e in g a s e s . I t s f i r s t a p p l i c a t i o n to c o m e t s w a s

= 1) due to the radiat ion p r e s s u r e , using formula

Γ 3

p r e s e n t e d b y W u r m [162Ί

T h e a c c e l e r a t i o n of t h e

c o m e t m o l e c u l e s b y r a d i a t i o n p r e s s u r e w a s c a l c u -

l a t e d b y S. M. P o l o s k o v [116,117]

T h e i n d u c e d e m i s s i o n u n d e r t h e c o n d i t i o n s p r e -

v a i l i n g in c o m e t s i s p r a c t i c a l l y n i l . T h e r e c o i l m o -

m e n t a in s p o n t a n e o u s r e - e m i s s i o n a r e a r b i t r a r i l y

o r i e n t e d a n d on t h e a v e r a g e t h e r e c o i l i s e q u a l t o

z e r o . T h e a c c e l e r a t i o n i s t h e r e f o r e d e t e r m i n e d b y

t h e m o m e n t u m a c q u i r e d by t h e m o l e c u l e p e r u n i t

t i m e d u r i n g t h e a b s o r p t i o n of t h e q u a n t a h > . T h e

u p p e r l i m i t of 1 + μ i s , in a c c o r d a n c e w i t h L 1 1 6 . 1 1 7 . 1 6 2 .
29]

(7.1)

w h e r e f12 i s t h e c o r r e s p o n d i n g o s c i l l a t o r s t r e n g t h ,

r 0 t h e r a d i u s of t h e s u n , r c t h e h e l i o c e n t r i c d i s t a n c e

of t h e c o m e t , a o t h e a c c e l e r a t i o n of t h e f o r c e of

g r a v i t y on t h e s u n , a n d m c t h e m a s s of t h e m o l e c u l e .

T h e c h a r a c t e r i s t i c w a v e l e n g t h s w e r e d e t e r m i n e d

f o r t h e m a i n c o m p o n e n t s ( C O + , N 2

+)· T h e C O + e m i s -

s i o n s — t h e s o - c a l l e d c o m e t - t a i l b a n d s — a r e d u e t o

t h e e l e c t r o n t r a n s i t i o n s ΧΣ —* Α 2 Π w i t h p r i n c i p a l

e m i s s i o n s a t λ 4 4 0 1 — 4 0 2 3 A. T h e N2

+ e m i s s i o n i s

t h e f i r s t n e g a t i v e s y s t e m Χ 2 Σ —• Β 2 Σ w i t h p r i n c i p a l

e m i s s i o n a t λ 3914 A. T h i s h a s m a d e i t p o s s i b l e t o

c a l c u l a t e t h e u p p e r l i m i t of t h e a c c e l e r a t i o n s (f 1 2

(7.1). It was found to be large, 1 + μ s 56 Γ-ΐΐ6,ιΐ73

b u t i n s u f f i c i e n t to a c c o u n t f o r s u c h h i g h a c c e l e r a t i o n s

a s 1 + μ s 1 0 0 — 1 0 0 0 . H o w e v e r , t h e g a s in t y p e I

t a i l s i s a ( CO + , N 2

+ ) p l a s m a , and t h e a c t i v i t y of s u c h

t a i l s in d i f f e r e n t c o m e t s c o r r e l a t e s w e l l w i t h t h e

g e o m a g n e t i c d i s t u r b a n c e s t-6,8i,54,34]_ Q ^ c a n t n u s e x _

p e c t l a r g e 1 + μ t o b e d u e t o t h e i n t e r a c t i o n of p l a s m a

t a i l s w i t h c o r p u s c u l a r s t r e a m s .

T h e f i r s t c a l c u l a t i o n s of t h i s k i n d w e r e m a d e b y

L. B i e r m a n n ^5~W. A c c o r d i n g t o B i e r m a n n , t h e c o m e t

i o n s a c q u i r e m o m e n t u m f r o m t h e s t r e a m p r o t o n s v i a

d y n a m i c f r i c t i o n w i t h t h e e l e c t r o n s . T h e a c c e l e r a t i o n

of a c o m e t ion r e c e i v i n g m o m e n t u m f r o m a s o l a r

p r o t o n v i a f r i c t i o n w i t h e l e c t r o n s i s t h e n g i v e n b y ^

~~df
Υ»

c-ne

Xnir

(7.2)

where λ is the conductivity.

At Τ = 10 4 oK we have v e = 108 c m / s e c , n e = 103

,-3cm ", and d v c / d t ~ 100 c m / s e c . However, as a l-

ready mentioned, in s t r e a m s and in the " w i n d " we

have n e « 1000 c m " 3 , and the a c c e l e r a t i o n s a r e

» 100 c m / s e c 2 . Thus, dynamic friction seemingly

does not explain the large values of 1 + μ. We note

that exact allowance for the dynamic friction yields

for the r a t e of energy t r a n s f e r f rom the protons to

the s t r e a m e l e c t r o n s '-114-

dw
~dT

(7.3)

It is easy to verify that the energy t r a n s f e r t ime will

be l e s s than the t ime n e c e s s a r y for the s t r e a m to

pass through the head only when n e = n s ~ 103—104

cm . In other words , the protons of the s t r e a m can-

not t r a n s f e r momentum to the comet ions via dynamic

friction, owing to the large rarefact ion of the p l a s m a s

in the s t r e a m and in the tai l .

K. O. Kiepenheuer '-67-' proposed to take account of

dynamic friction by making the substitution m e —- m«

in the formula for the force acting on the comet ion,

so that 1 + μ is increased, natural ly by three o r d e r s

of magnitude. However, such an assumption is u t te r ly

unjustified from physical cons idera t ions .

The acce lerat ion of the comet ion in the p lasma

s t r e a m due to Coulomb and collective interact ions is

descr ibed by the well-known formula Q4,i4o,iO8:

4πηε<1ηΛ „ / vc \ ( 7 . 4 )

dt
/ vc

I

where c e = \/2kT/m e ; the form of the function G is

given in Q°fl. It is easy to verify that (7.4) yields

d v c / d t which is 3-4 o r d e r s of magnitude s m a l l e r than

observed.

On the bas i s of the theory developed in ί* 7 ' 6 3 · 6 4 · 6 ^

Ιθ4,ιοδ]; t h e a u t h o r s o f [30,60] c o n s i d e r e d the d e c e l e r a -

tion of a comet p lasma cloud in a corpuscu lar s t r e a m

as a r e s u l t of instabil ity excitation. However, the

heating of the e lec t rons was not taken into account.

As shown by R. Z. Sagdeev (see [ l t > u , Chap. 5, Sec.

15), this leads to i n c o r r e c t r e s u l t s .
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The question of the dece lerat ion of a cloud by a

comet p l a s m a in a corpuscu lar s t r e a m by excitation

of sausage instability is cons idered in g r e a t e s t detail

and from all a spects by Hoyle and Harwit^ 5 8^. It is

as sumed that there is no magnetic field o r e l se that

the magnetic field is para l le l to the direct ion of r e l a -

tive motion of the s t r e a m and the cloud. In the l a t t e r

c a s e , as is well known, it e x e r t s pract ica l ly no influ-

ence on the c h a r a c t e r of the resu l tant instability. A

four-component p lasma is cons idered (comet and

so lar e l e c t r o n s , protons, and comet ions) in which

the p a r t i c l e s of species j has a dis tr ibution function

fj (r, v, t) = rijfOj (v) + fij (r, v, t), (7.5)

where njfOj per ta ins to the equil ibrium s ta te . The

function fj sat is f ies the Boltzmann equation with a

z e r o coll is ion integral

tit δτ -
dx

(7.6)

where

Ε = '· 0 d v '

The f irst approximation of fj, a s usual, sat is f ies

the equation

— π ( 7 . 7 )
ill ' di ' nij d\

If we introduce the notation

r _ V , / . ρ — "V m2 / — V 4 l t " ^ i

i i } '
then, multiplying (7.7) by ej and summing over j , we

get

( 7 . 8 )dt ' tir in ΰν

It i s e a s y t o s e e t h a t (7.8) c o i n c i d e s , a p a r t f r o m a

c o n s t a n t , w i t h t h e e q u a t i o n f o r t h e f i r s t a p p r o x i m a -

t i o n of fj t o t h e d i s t r i b u t i o n f u n c t i o n of a o n e - c o m -

p o n e n t p l a s m a .

T h e p r o b l e m r e d u c e s t h e r e f o r e t o t h e a p p l i c a t i o n

of t h e k n o w n s t a b i l i t y c r i t e r i a of a o n e - c o m p o n e n t

p l a s m a t o t h e f u n c t i o n F .

T h e c o r r e c t i o n Fj i s g i v e n in t h e f o r m

where ω and k a r e cons tants . Choosing the coord i-

nate sys tem such that the re lat ive motion is on the

Oz direct ion, they introduce the quantit ies

*•„(») = \\F«(v)dvxdvu,

where ν = ν ζ and

ω

k I = k ,

(7.9)

(7.10)

T h e n , u s i n g t h e N o r d l i n g e r c r i t e r i o n
[98] t h e

a u t h o r s o b t a i n a s t a b i l i t y c o n d i t i o n i n t h e f o r m

( 7 . 1 1 )

w h e r e S1 d e n o t e s t h a t t h e i n t e g r a l i s t a k e n in t h e

s e n s e of t h e p r i n c i p a l v a l u e ; u i s a r e a l q u a n t i t y

s a t i s f y i n g t h e c o n d i t i o n

F0(u) = min. (7 .12)

If a l l t h e u n p e r t u r b e d d i s t r i b u t i o n f u n c t i o n s fOj a r e

M a x w e l l i a n , t h e n t h e f inal g e n e r a l e x p r e s s i o n f o r F o

i s

2itWS

e x p

v—vs)2

r m j V 2

L —ώ^ (7.13)

where the subscr ip t s se and sp stand for the so lar

e l e c t r o n s and protons, ce and ci for the comet

e l e c t r o n s and protons, and ω 8 β , w S p, w c e , and u; c j

a r e the corresponding p lasma-osci l la t ion frequencies.

Having (7.13) and (7.11), we can investigate c a s e s

in which the interact ion between the s t r e a m and the

p lasma of the tail gives r i s e to an instability.

It is suggested in ^ that the main mechanism for

the production of comet ions is the a l ready-descr ibed

charge exchange

This leaves in (7.13) the so lar e lec t rons and the

comet ions, and after making the change of var iab les

the stability c r i t e r i o n (7.11) takes on the form

where

is a function tabulated by Unsold -.
The authors of '-58^ assumed a stream electron

t e m p e r a t u r e T s e ~ 2 χ 106 °K, that is, a t e m p e r a t u r e

equal to the e lect ron t e m p e r a t u r e of the s o l a r corona.

In this case the interpenetrat ing p l a s m a s of the

s t r e a m and the comet a r e s table. If we choose T

04
s econsiderably lower (for example, Tse « 104 °K,

which is closer to the truth), then instability sets in.
However, owing to the heating of the electrons, the
instability rapidly terminates and the total momentum
transferred by the stream to the cloud is exceedingly
small [5°, Thus, the results of [5!° confirm the con-
clusions of R. Z. Sagdeev (see ̂ 10°, Chap. 5, Sec. 15).
Summarizing we can state that the loss of relative-
motion energy to the excitation of the instability is
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too small to explain the observed accelerations.

Taking into account Alfven's ideas ^ on the im-

portance of the magnetic fields "frozen i n " the

streams, the author has advanced in &4,87,9o,9i] t l i e

hypothesis that the proton momentum is transferred

from the stream to the comet ions via a transverse

magnetic field (see Sec. 2). The stream can penetrate

into the magnetic field, which is localized in the cloud,

a dis tance on the o r d e r of Δχ ^
H

For v
8 4 S H H

108 c m / s e c and Η = 10" — 1 ( Γ 5 Oe we get Δχ

s

2

x 10'—2 x 10b cm, whereas the l inear dimensions of

the clouds a r e of the o r d e r of Zo « 109 c m , so that the

s t r e a m pract ical ly does not penet ra te into the cloud.

We can thus a s s u m e in f i rs t approximation that the

s t r e a m flows around the cloud as if the l a t t e r were

some " s o l i d " body (the a rguments can be modified

by as suming that the magnetic field is p r e s e n t only

in the s t r e a m ) . Therefore the acce lerat ion acquired

by the cloud can be es t imated qualitatively by using

the formula for the p r e s s u r e on a s t r e a m l i n e d

body [70]

Dorman [ 4 0 ] ) .

(a s i m i l a r method was f irst used by L. I.

The acce lera t ion of the cloud is ex-

p r e s s e d by the formula

dt 2 J ncmcl
(7.16)

where Ρ is the p r e s s u r e in the s t r e a m , Μ is the
mach number, and y = Cp/cy.

If, for example, the cloud is exposed to a s o l a r
" w i n d " ( v s ~ 3 x 107 c m / s e c , n s ~ 1 c m " 3 ; n c ~ 102

c m " 3 is the ion density in the cloud), then dv/dt
« 300 c m / s e c 2 .

An idea which is s i m i l a r in general outline,
namely the t r a n s f e r of momentum via a magnetic
field, was independently advanced in ^52Λ

This question was considered quantitatively inL '
The shock wave pass ing through the effective nucleus
(see Sec. 3) is acce lera ted by the d e c r e a s e in the
p lasma density along the tail axis (Oz). The density
fluctuations can " c o m p r e s s " the front of the wave,
owing to an instability of the Rayleigh-Taylor type.
The apparent r e s u l t s a r e cloud formations with
localized magnetic fields. Clouds together with the
remaining p lasma a r e a c c e l e r a t e d behind the a c c e l -
erat ion front. The gas behind the front (and the
clouds) a r e set in motion by a magnetic field which
" s e e p s i n " together with the front through the effec-
tive nucleus; this is the " p i s t o n , " dragged by the
s t r e a m , which t r a n s f e r s the momentum to the p lasma
behind the front.

Indeed, as indicated in Sec. 3, the s t r e a m is
stopped by the effective nucleus; the shock wave a t-
tenuates to a sound wave and p a s s e s through the
nucleus . At Τ = 10 4 °K, the front velocity is D 2 C

κ ν τ * 3 χ 105 c m / s e c . Owing to the low degree of
ionization, the magnetic field diffuses through the
effective nucleus with velocity '-108-'

VD
(7.17)

where r t is the radius of the effective nucleus and

λ 3 is the effective conductivity, which is much lower

than λ because of the l o s s e s to col l is ions with the

neutra l molecules .
It is known [ 1 0 8 · 6 2 ^ that

λ ~ 1 -4- φ 2

where ψ = n n /n—fract ion of the neutra l molecules ,

k = ( o j g T ) " 1 , k e = ( ωβτβ)~1, k j = ( ωχΤ^)~χ, ωβ a n d

a j j — e l e c t r o n a n d ion g y r o f r e q u e n c i e s , T e

n e v e a e n

,- i \- i

neeAve In Λ

i s t h e l i f e t i m e p r i o r t o t h e c o l l i s i o n b e t w e e n t h e

e l e c t r o n a n d t h e i o n w i t h t h e n e u t r a l m o l e c u l e o r t h e

e lec t ron with the ion, respect ively, and a e n and σ |

a r e the corresponding effective c r o s s sect ions .

Since kkj » k k e » k e k j , we have λ/λ 3 ~ ^2/kk;.

If the charge density in the effective nucleus is n"j

~ n e ~ 106 c m - 3 [ 8 6 ' 1 6 4 ] , the field Η « 10" 5 Oe,

Τ = 104 °K, and λ 3 ~ 2 x 10~6 λ. For λ ~ 7 x 101 2

s e c " 1 (see Sec. 2) this yields VQ « ΙΟ5—106 c m / s e c ,

that is , a quantity on the o r d e r of v^p.

The cloud acce lera t ion due to the d e c r e a s e in the

density along the tail axis is descr ibed by the ap-

proximate formula [91]

dv
It

•• - 540D?/!-1-43

dz
c m

s e c 2

(7.19)

I t i s c u r i o u s t h a t ( 7 . 1 9 ) l e a d s t o s t i l l a n o t h e r e f -

f e c t , w h i c h h a s l o n g b e e n k n o w n t o o b s e r v e r s L 2 9 , 5 5 ^^

n a m e l y t h e d e c r e a s e i n t h e a c c e l e r a t i o n a l o n g t h e

t a i l w i t h i n c r e a s i n g d i s t a n c e f r o m t h e n u c l e u s . I t i s

e a s y t o s e e t h a t i t i s a c o n s e q u e n c e of t h e t y p e o f

d e n s i t y d i s t r i b u t i o n n ( z ) , a n d a l w a y s t a k e s p l a c e

when η ~ n o ( z o / z ) 2 .

8. STRUCTURAL FEATURES OF IONIZED TAILS

Unlike dust and gas-dust ta i l s of types II and III,
type I ta i l s have a r ich and highly var ied s t r u c t u r e
(see Fig. 2) and abound with fine deta i l s . This is
connected with thei r p lasma n a t u r e , since the s t r u c -
t u r e is determined by the e l e c t r o d y n a m i c s .

The most substantial c u r r e n t work on the s t a t i s -
t ical laws that a r e inherent in tai ls of type I is that
of C. Hoffmeister ^ , in which 202 p ic tures of 13
c o m e t s a r e investigated.

The main laws a r e as follows ^Ό (cited in ^ 2 9 - ') :

1. The so-cal led p r i m a r y ray ( p r i m a r e Schweif-
s t rahle) is deflected, as a ru le , back from the con-
tinuation of the radius vector, that is , in the direct ion
from which the comet moves; the deflection angles β
a r e most frequently s m a l l e r than 5° but r e a c h 15—20°
in exceptional c a s e s . Forward deflections from
the continuation of the radius vector a r e r a r e and
s m a l l . Rapid changes in the direct ion of the p r i m a r y
r a y a r e observed for severa l hours and occur in such
a way that the ray b r e a k s away and a new ray with
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different direct ion appears in the internal p a r t of the

coma.

2. The m o r e active the comet, the l a r g e r the back-

ward deflection of the p r i m a r y r a y and r e a c h e s a

maximum at the t ime of the r i c h e s t development of

the s t r u c t u r e of the coma and the tai l , frequently in

connection with the increas ing b r i g h t n e s s .

3. There is a s ta t i s t ica l connection between β and

r c ; the backward deflections d e c r e a s e with increas ing

r c ; the few examples of forward deflections a r e ob-

served predominantly at large r c .

4. The degree of activity of different c o m e t s is

quite different. Some respond very rapidly and even

at large r c d isc lose lively activity and a r ich s t r u c -

ture (1908 III), while o ther s have low activity (1894 II).

All this needs to be explained. We note that in the

opinion of Biermann -

where v t is the t r a n s v e r s e component of the orbital

velocity of the comet, and v s is the velocity of the

c o r p u s c u l a r s t r e a m . An analogous formula was

wr i t ten down by Alfven '-1-'.

In addition to the general laws wr i t ten above, which

perta in to ta i l s as a whole, there a r e many effects

which can l ikewise not be explained by the mechanical

theory. These include, for example, wave motion in

ta i l s , helical motion, the appearance ofjndividual

je t s and s t r e a m s which form in the i r aggregate the

ray sys tem, the " c o l l a p s e " of the r a y s (jets) towards

the axis of the tai l , and many o t h e r s .

Of all the mentioned and unmentioned effects, the

l i t e r a t u r e deals principal ly with the " c o l l a p s e " of

the r a y s and the wave motion. For example, as noted

by Wurm '-16 -, the origin of the jets and s t r e a m s in

the ta i l s is not c l e a r in pr inciple . T h e i r length is of

the o r d e r of № ] I ~ 1 0 u — 1 0 1 3 cm and the d i a m e t e r

is d ~ 2000 km. It can be a s s u m e d that they a r e the

r e s u l t s of a flute-type instabil ity (S. B. P i k e l ' n e r ) :

the magnetic " p i s t o n " b r e a k s up and the p lasma

flows off in the " f l u t e s . " In o r d e r to confine the

p l a s m a in such a ray, it is n e c e s s a r y to have a field

on the o r d e r of Η = 6 χ 10" 6 Oe ^ ( d s r f j at the

t h e r m a l velocity of the comet ion).

The " c o l l a p s e " of the r a y s towards the tail axis,

which is r e m i n i s c e n t , in accordance with the

picturesque express ion of O. V. Dobrovol'skii '- 2 9^ o f

" t h e motion of the r ibs of a closing u m b r e l l a " (see

Fig. 1), was cons idered by many a u t h o r s .

The ray sys tem in the tail of the comet Morehouse

1908 III was considered in C l 4 3 ] . According to C l 4 3 ] the

" c o l l a p s e " is a kinematic effect; the head of the

comet s c r e e n s the tail against the c o r p u s c u l a r

s t r e a m . The screening is s t r o n g e r n e a r the nucleus,

where the density is l a r g e r and where there a r e

m o r e col l i s ions, and is s m a l l e r n e a r the edges of the

head. Consequently an acce lera t ion gradient along the

Oy axis ex i s t s in the tail (Fig. 12) and this visually

FIG. 12. "Collapse"
of rays — ends of enve-
lopes — to the end of the
tail, a kinematic effect.
The density gradient
along the Oy axis pro-
duces an acceleration
gradient in the same di-
rection, so that va > va>
> va-' (see t16'])

leads to a " c o l l a p s e " : the points far ther away from

the s y m m e t r y axis move m o r e rapidly than those

close to the axis .

It is shown in '-166-' and '-3T-' that the screening d e -

scr ibed above does not take place. The cause is

sti l l the s a m e : in o r d e r to s c r e e n the tail effectively

it is n e c e s s a r y to have many col l i s ions, w h e r e a s the

s t r e a m and the coma a r e rare f ied . In o r d e r to

reconci le theory with observat ions it is n e c e s s a r y to

i n c r e a s e the density of the coma by 2—3 o r d e r s of

magnitude ^ over the rea l ly possible values. How-

ever, Wurm L16O stil l a s s u m e s that the " c o l l a p s e " is

a kinematic effect, although the origin of the a c c e l e r a -

tion gradient along the Oy axis r e m a i n s unc lear (the

screening is refuted, as in'-3 7-'). It is probable that

the " c o l l a p s e " of the r a y s towards the tail axis is

caused by the s a m e factors as the contract ion of the

envelopes L 8 6 ' 9 °J (all the m o r e s ince the r a y s a r e ends

of envelopes). Owing to the p r e s e n c e of a density

gradient along the Oy axis, the p a r t s of the shock

wave front and of the magnetic " p i s t o n " c l o s e r to

the tail axis move m o r e slowly and the far ther p a r t s

move m o r e rapidly. An acce lerat ion gradient is

produced in the Oy direct ion, along with a k inematic

" c o l l a p s e " (see Fig. 12). In this c a s e t h e r e is no

need for high dens i t ies , s ince the momentum is

t r a n s f e r r e d via the magnetic field even in the ab-

sence of col l i s ions.

Quantitative calculat ions of such a model w e r e

made in Q 2 i l . The geometry of the front (ray) is d e -

scr ibed by (3.7); the distr ibution of the p l a s m a

density in the tail was chosen in the form

The calculated velocit ies and acce le ra t ions of the

" c o l l a p s e " agree with the observat ions . The theo-

re t ica l ly calculated outl ines of the rays a r e also

close to those observed.

A hypothesis has been advanced (B. Yu. Levin)

that an important role may be played in the motion

of the ray towards the tail axis by the reflection of

the p l a s m a from the magnetic field localized in the

r a y . The form of the r a y was calculated in '-61-' using

an " e l a s t i c " model analogous to that of ^83-.

Wave motion is usually observed in well developed
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type I tails. They are clearly seen on Figs. 3 and 4.
The parameters of the waves were measured only
for comet Morehouse 1908 III by Wolf [16(0 According
to Wolf, the amplitude A and the wavelength Λ in-

c r e a s e with increas ing dis tance from the nucleus in

the ta i l . The m e a s u r e m e n t r e s u l t s a r e given in [169]

L89.1 to analyze the phenomenonAn a t t e m p t i s m a d e in '

t h e o r e t i c a l l y .

In a c c o r d a n c e w i t h '-1-', it i s a s s u m e d t h a t t h e w a v e s

p r o p a g a t i n g a l o n g t h e r a y s a r e Alfven w a v e s I t i s

shown that the i n c r e a s e of A and of Λ with i n c r e a s -

ing dis tance from the nucleus is due to the i n c r e a s e

in the local Alfven velocity V = H/V 4πρ.

The i n c r e a s e in V( z) denotes that the field Η in

the tail d e c r e a s e s with increas ing ζ m o r e slowly

than the density p . The distr ibution of the field in the

tail of comet Morehouse 1908 III was found theore t-

ical ly within the framework of these assumptions .

We note that when the tail e n t e r s the c o r p u s c u l a r

s t r e a m , the instabil ity condition with r e s p e c t to ex-

citation of Alfven waves is satisfied with a la rge

m a r g i n ; this condition is of the form ^

where V s and V a r e the Alfven velocit ies of the

p l a s m a s in the s t r e a m and in the comet .

Thus, the appearance of Alfven waves in type I

ta i l s is quite probable.

The helical motions of s o m e detai l s in ta i l s of

type I w e r e observed in ^2,i60J j n e question of the

origin of this effect r e m a i n s present ly open, although

some poss ibi l i t ies a r e d i scussed in '-89-!. It has been

shown that the helical is not the r e s u l t of the motion

of e lec t r ic space charge in the magnetic field of the

tail, s ince its magnitude (in o r d e r to reconci le it

with the exper imenta l data) should be five o r d e r s

l a r g e r than the p e r m i s s i b l e values ^109-'.

Interaction between the corpuscu lar s t r e a m and

the p l a s m a tail s tops the e l e c t r o n s rapidly and

c a u s e s the protons to move fa r ther . The resu l tant

c u r r e n t in the magnetic field is acted upon by an

Ampere force j χ Η normal to the velocity, which

can therefore r e s u l t in helical motion. The motion

of the nodes in so lar prominences was in terpre ted

in this m a n n e r in t 1 1 2 . 1 1 3 ^.

According to calculation '-89-', this effect is smal l in

c o m e t s , owing to the large self-inductance (the e l e c -

t rons a r e rapidly a t t racted to the protons) . To e n -

s u r e a c c e l e r a t i o n s on the o r d e r of ~ 103 c m / s e c 2 it

is n e c e s s a r y to have an unrea l i s t ica l ly la rge field

Η s 1—10 Oe. However, sausage instability a r i s e s

in the c a s e descr ibed, as a l ready mentioned. This

leads to an effective d e c r e a s e in the conductivity and

self inductance '-111Λ and this may great ly reduce the

e s t i m a t e s of [89]

A helix can occur also for another reason, the
p r e s e n c e of force-free fields. For example, for

stationary flow of solar "wind" around the tail, the
equations of magnetohydrodynamics take the form*

[v rot v] + 4 "

rot[vH] = 0,
divH = divv = 0.

ot II] = - i V ( ρ + ψ) , (8.1)

(8.2)

(8.3)

In f irst approximation the p lasma is a s sumed to

be incompress ib le , non-viscous, non-heat-conducting,

and with infinite e l e c t r i c conductivity. Since the field

Η in the tail is approximately para l le l to the axis of

the tail Oz, and the " w i n d " is a l so radia l , we can

put ν II H. Then for

%'= const

Η sat is f ies the equation [89]

COTlst (8.4)

where A = v/V, to which the sys tem (8.1)—(8.3)

r e d u c e s .

The solution of (8.4) yields the known force-free

helix [80-Ί

where J o and J j a r e Besse l functions of zeroth and

f i r s t o r d e r s , while r, ψ, and ζ a r e the polar c o -

o r d i n a t e s .

If a force-free magnetic field therefore exis t s in

the tai l , then, by virtue of the " f r e e z i n g - i n " p r i n c i -

ple, the clouds of the comet p l a s m a will move along

Η in a helix. However, all these qualitative consid-

e r a t i o n s cal l for a quantitative verif ication. It is

a lso very important to cons ider the influence of the

e l e c t r i c fields on the p r o c e s s e s in the c o m e t s .
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