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ABSTRACT

The rotational structure of the violet CN (0, 0) kand in cometary
spectra is investigated from a new point of view. The usual assumption
of a Boltzmann distribution of populations of the rotational levels in
the ground statc is abandoned. These populations are determined by
solving the system of steady-state equations which describes the
resonance-fluorescence of the CN band. As expected, it is possible
in this way to reproduce the observed profile more satisfactorily than
in the case when a Boltzmann distribution is used. Furthcrmore, it
is shown that the Swings effect (presence of absorption lines in the solar
e:xciting light) has to be taken into account from the beginning in the
resolution of the system ofthe steady-gtate squations, to achicve com-
plete agreemsant between observed and computed profiles.

The Greenstein effect {(differences in relative intensities of
rotational lines in different rcgioms of the comet) has been studied in
high-resolution spectrograms of Cornet Seki-Lines {1962¢). The obser-
vations can be interpreted partly by means of cither of two simple
models for the comet's hecad (uniformi, isotropic expansion, or "fountain
model"). In addition there are random motions of the order of a few
km/sec.

A detailed analysis of spectra of Cowmet Humason (196le) has
furnished the following results:

a) The co' comet-tail bands are excited by the sarne resonance-
fluorescence mechanisim known Lo be responsible for the emissions of the

neutral molecules observed in the head.



b} The continuum is of the pure reflection type: there is no

dotcctable sclective scattering.

¢) Molecular abundances are estimated {at 104 km from the

nucleus)
N{CO+) = 1013 cxn_2
N(ND) =10 em™?
10 -2

N{(CN) =5X10"" cm
The probablec error on these cstimatees corresponds to a factor of 2 or 3.

d) The infra-red surface brightness produced by the CO+ jons
in pure vibration transitions v" =1— v" = 0 (A= 4,6 p} is found to be
rather large: = 0,001 erg cnn_2 sec_l.

@) The radial distributions of the various molecules are dis-
cussed. While CN follows the usual 1/p law (p being the projected
distance from the nucleus), it is suggested that the remarkablc flatness
of the ion distributions might be explained in terms of a "magnetic
model, "

A critical discussion of some physical and chemical charactcristics
of comets is presented in the last chapter. In particular, the results of

a number of abundance determinations are tabulated.

(Photographic material on page 46 will not reproduce clearly

on Xerox copies).,
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Part One

CN THE RESONANCE FLUORESCENCE EXCITATION OF
MOLECULAR EMISSIONS TN THE SPEGCTRA
OF THREE RECENT COMETS
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INTRODUCTION

The suggestion that the luminosity of a comet is mainly due to
a process of absorption of sunlight followed by re-emission of light of
the same or different wavelengths dates back to 1911, It was first intro-
duced by Schwarzschild and Kron to explain the observed brightness in
the tail of Halley's comet (Schwarzschild and Kron, 19t1). Around 1928
Zanstra successfully applied Schwarzschild and Kron's suggestion in
a quantitative study of the luminosities of eight comet heads (Zanstra,
1928). Later Wurm based his determination of the density of C2 mole-
cules in the head of Halley's comet on the same hypothesis, which he
also used to interpret the sharpness exhibited by the (0,0} band of the
CN violet system in cometary spectra (Wurm, 1932 and 1934). However,
it was not until 1941 that this so~called resonance-fluorescence excitation
mechanism (also referred to as "Swings mechanism") was put forward
for the first time in a systematic study of spectroscopic details in the
cometary light by Swings who succeeded in fully explaining the peculiar
profiles of the CN violet bands (Swings, 1941)., The basic feature of the
Swings mechanism lies in the fact that absorption lines present in the
solar radiation will lead to underpopulation of some rotational levels
whenever they coincide in wavelengths with molecular transitions. When
studying the population of a given rotational level in the excited electronic
state of a molecular system, one has to ascertain that all the transitions
leading to this level have been considered, each with its respective proba-
bility., Furthermore, account must be taken of the shift of the Frazunhofer

lines produced by the Doppler effect due to the relative radial velocity
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between sun and comcet. With these ideas in mind different authors,
especially McKellar and Hunaerts*, have been able to show that the
resonance~fluorescence mechanism accounts for all the details of the
odd intensity distributions of several molecular bands {ocf OH, NH,
CH, CN, Cz) observed in the heads of various comets. Hunaerts (1953)
has developed an elaborate method which consists essentially in evalu-
ating the populations of the rotational levels after each one of a number
of fluorescence cycles, starting with all molecules in the lowest level
{or levels, according to the particular selection rules involved), and
leaving off when the derived theorctical intensities agree with the obser-
vations. Such a dissection into separatc processes undergone by all the
molecules treated together is not rigorously correct, however, as
Carrington has pointed out recently. Rather, one should regard each
individual molecule as accomplishing its own "random walk" among the
possible states, and thus treat the fluorescence as a Markov process
continuous in time (Carrington, 1962), On practical grounds this simply
means that the correct procedure is to solve the relewant set of steady-
state equations to obtain the relative distribution of populations of the
rotational levels. The large number of such equations often to be con-
sidered is no longer prohibitive thanks to the electronic computcrs now
at our disposal,

The principal aim of my work has been to present a detailed in-
vestigation of the resonance-fluorescence mechanism based on studies

of spectra of three recent comets: Comet Mrkos (1957d), Comet Seki-

*
Numerous references can be found in a review article vn Lhe specira
of comets by P. Swings (1956).
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Lines {1962c), and Comet Humason (1961 e), which will be considered in
chapters I, II, and III, respectively. Besides the CN radical and the C2
molecule, for which previous investigations have already established
that the fluorescence excitation process does account for the observa-
tions, the NH2 radical and the CO+ tail ion, which have not yet been
studied from this point of view, will be envisaged. Examples of anoma-
lous intensity ratios of NH‘2 lines that can be explained by a fluorescent
mechanism will be given, and it will be shown that the measured inten-
sities of the CO+ comet-tail bands can be reproduced theoretically if we
assume a fluorescent excitation again.

The fluorescence of the violet CN (0, 0) band, which, at the
relatively high dispersion (18 xa./mm) uscd for Comect Seki-Lines, is com-
pletely resoclved into its rotational lines, will be treated in a rigorous
manner. We shall solve the system of the steady-state equations in
order to derive the truc distribution of populations of the rotational levels
in the ground state of CN instead of arbitrarily adopting a Boltzmann
distribution, as has always been done in previous similar studies. Then,
a mcthod will be suggested for analyazing the effect of intcrnal motions
of the molecules upon the relative intensities of the rotational lines in
different regions of a comet (Greenstein effect), As a by-product of our
work on Comet Humason, in which the fluorescence of the CO+ emissions

will be studied on the basis of lower dispersion spectra (180 ng/mm), we
+
2!

be comparcd with results derived from studies of other comets in

shall obtain estimates for the densities of CO+, N and CN, which will

chapter IV.
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The order in which the report will be presented coincides with
the chronological order oi the observations; the necessary thearetical
developments will appear wherever the neeé for them arises.

A review of the present state of our knowledge concerning some
important characteristics of comet heads and tails (forms, particle

distributions, brightness, abundances) will be given in chapter IV,
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Chapter I

COMET MRKOS (1957d)

1. 02 Emissions

The visual region of the spectrum of this comet (dispersion
18 A/mm and 27 A/mm) has been identified by Dr. Greenstein and myself
and the wavelength measurements and identifications have been published
recently (Greenstein and Arpigny, 1962). The case of the fluorescence
of the CZ molecule in a comet has been trcated only recently. Stawikowski
and Swings {1960) have studied the (1, 0) and (2,1) bands of the Swan system
in the spectrum of Comet Mrkos (1257d} itself and have shown that some
distortions of the intensity distributions in these bands from smooth
curves can be attributed to the presence of absorption features in the
exciting solar radiation. An extension of this study to the Av = 0, -1 and
-2 sequences of the Swan systermn was required for the work of identifica-
tion of the visual region of the spectrum of Comet Mrkos (1957d). A few
typical examples of correlations between weakened rotational lines in
the comet spectrum and minima in the spectrum of the sun will be given
below., Of course, as Stawikowski and Swings have already remarked,
we do not expect the fluorescence to produce spectacular cffects in the
case of the Cl2 molecule as it does in the case of the CN violet system,
simply because the Fraunhofer lines are less numerous and less strong
in the spectral region of the Swan bands than in the violet and also because
the number of transitions that populate a given rotational level is larger
in the case of the A 3Hg - X SHu system of Ca. A complete quantitative

treatment of the fluorescence of the carbon molecule in comets would
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have to include an exceptionally large number of vibrational and rota-

tional levels, owing to the homonuclear character of C,, and would thus

27
not be fecasible in a reasonably short amount of time. Moreover, a comet
with a purely gaseous head would be more suitably adapted to such a
study than Comet Mrkos (1957d) which had a strong continuous scattered
spectrum, We shall, thereiore, have to content ourselves with qualita-
tive considerations. Quantitative examples will be presented later on
when we come to the better suited CN and CO+ band systems. The
method here is:

a. to list, for a given comectary line, all the transitions that give
access to the upper level in which this line originates;

b. to determine, for each of these transitions, the wavelength at

which they were excited, according to the formula

)\'exc = l’lab (1 - %) ><:-(—:1) ! )

whe re )Llab is the laboratory wavelength of the transition and i is

the radial velocity of the comet with respect to the sun, with its usual
aign (positive for recession); |

¢. to read the corresponding residual intensities N in the

solar spectrum from intensity tracings such as thosc of tz:acUtrecht

Solar Atlas.

A parallelism should then appear between the observed intensities of the
rotational lines in the cometary spectrum on the one hand, and the occur-
rence o1 neneoccurrence of coincidences of certain or of all the relevant

transitions with Fraunhofer lines on the other hand. The transitions

mentioned under a are to be detcrmined as follows, in the case of the
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Swan system. To each Ri(‘” {respectively Pi(J) } line is associated
a Pi(J+2) {respectively Ri(J - 2) ) line and these pairs of lines have to
be taken in as many vibrational bands (with the same upper vibrational
quantum number v' as the band to whick the line considered belongs)
as indicated by the vibrational transition probabilities and by the rela-
tive populations of the vibrational levels of the lower electronic state.
For the latter it is sufficient, in a rough analysis, to adopt a Boltzmann
distribution at some temperature (= 3000 OK) suggested by the observa-
tions, although there is rigorously no a priori reason for such a distri-
bution to be achieved in the actual situation.

The number of clear-cut examples is not large in the case of CZ’
for the rcasons already mentioned, and also because of the frequent
occurrence of blends. Some of the best examples are listed in tables
1 and 2. The relative importance of the various vibrational transitions
leading to the same upper level v' can be evaluated by:

Go(v")hc

ce KT . (2

2
NVHCVIVIT o Pvlvu - {\ F)\)v1v"

where Cv'v" represents the upward transition rate, Pt is the
relative vibrational transition probability (Nicholls, 1956), ()"ZF?\)V'V”
is proportignal . to the energy available, per unit frequency interval, in
the solar radiation at the wavelength of the transition (Allen, 1963), and
finally, the last factor is based on the assumption of a Boltzmann distri-
butivn among the lower vibrational levels as stated previously (T =

3000 OK). In the case when v' =0, (0,0) plays by far the most important

role, (the transition rates for (0,1) and (0, 2) are about 10% and 1%,



Table 1.

Hab

R1(28), RZ(ZT)
P1(30),ZPZ(29)
R, (28), R,(27)

Pl(30), P2(29)

R1(50)
R,(49)
Pl(SZ)
P,{(51)
R,(50), R,(49)

PI(SZ), PZ(Sl)

R, {17)
R, (16)
R,(15)
P (19)
P,(18)
P,(17)
R,{17)
R,(16)

R4(15)

-9-
Fluorescence of lines in the v' =0 progression
of the Swan system

Main exciting lines

{(v',v" N T

=

exc

Unweakened Lines

A

5109,16 108,57 0, 98
{0, 0)
57, 64 57.06 0.97

R&5HH, 78

} (¢, 1)

5622. 77

5037, 71 5037,13 .99
37,80 37. 22 0. 96

(0, 0)

5120. A6 5120, 08 0.97
20,73 20,15 0. 98

B472. 65

} (0, 1}
55693, 33
b, Weakeneé Lines

5134. 30 5133.72 0,28
34,47 33.8Y 0, 30
34, 65 34.07 0.92

(0, 0}

5164, 46 5163, 88 0. 91
64, 53 63. 95 0,91
64, 64 64,06 0. 91

5598, 22
98,41 (0, 1)

98, 63



R, (39),
R4(37),
P, (41),
P,(39)
R,{39),
R,(37)
P, (4,

P,(39)

R, (14)
R2(13)
R3(12)
P, (16),

P,(14)

R, (49),
P, (51},
R1(49)s
P, (51),

hlab

R,(38)

P,{40)

R2(38)

P,(40)

132{15)

R,(48)
P,(50)
R, (48)

P, (50)

5076, 64
76.79
5142,37
42,97
5523, 57
23, 84
5601, 19

01,34

5139. 97
40,17
40, 41

5165.12
65,29

5041, 41
5122, 86
5477, 56

5572. 81
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Table 1 (Continued)

Main exciting lines

I 1]
(v ") 7\e:st:c:
5076, U6
76,21
(0, 0)
5142, 29
’ 42,39
\
{0, 1)

c. Missing Lines

5139, 38
39, 58

5164, 53

/ 64, 70

{0, 0)

} (0, 1)

} 5040. 84

5122. 28

2hY

0. 95

0.75



R1(35)
P1(37)
R1{35)
P1{37)
R1(35)

P1(37)

R,(29)
133(31)
R,(29)
P3(31)
R,(29)

P3(3D

Table 2.

A’Lab

-11-

Fluorcscence of lines in the v' =1 progression

4677.75
4728.32
5055, 75
5114, 25
5493, 26

5561, 73

4686, 87
4731, 89
5067.63
5119, 41
5508, 10

5569.16

ta

}
!
}

e e e

of the Swan system

Main exciting lines

{v'y v"} A

exc

Unweakened Lines

4677, 22

(1,0)
4727.79

5055, 17
(1,1)
5113, 67

5492, 63

(1,2)
5560.99

Missing Lines

4686, 34
(1,0)
4731,36

5067.06
(1, 1)
5118,83

5507, 48
(1,2)
5568. 53

Y

1,00
0.95
1,00
1,00
1. 00

1. 00
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respectively, of that for (0, 0)), so that we consider exciting transitions
only in this band in table 1, where we are concerned with lines of (0, 0)
and (0,1). On the other hand, v' =1 can be populated by transitions

whose rates are approximately in the ratios:

I' - " - I' » ‘T —— [ ] L] 1 3
N CyiN; C:N,Cy ,:NLC) o = 1.00:0. 76:0.32:0.05 . (3)

As a result, when considering lines with v' =1, as in table 2, we have
to include exciting transitions in (1, 0), (1,1} and (1, 2). It is seen that,
while the exciting lines in tables la and 2a do not coincide with Fraunhofer
absorptions, those in tables 1b, lc and 2b are definitely affected by such
absorptions. These examples are convincing, but it must be said that
there is a number of unexplained situations in which, for instance, lines
Ri(J) and Pi(J"l*Z), or the same lines Ri(J) in different bands of a v'-
progression, do not seem to have similar behaviors. In general, how-
ever, these cases concern relatively weak lincs and this merely sug-
gests that it would be desirable to repeat a study similar to the one
described here, or even, possibly, of a more gquantitative nature, but
based on high;resolution spectra of a comet that would be free of dust,
At any rate, apart from the few exceptions just mentioned, it can be
concluded that the spectrum of Comet Mrkos (1957d) tends to support
the view that the Swan system of C2 was excited by fluorescence in this

comet,
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2. NH2 EFmissions

A similar conclusion can be drawn about the NH, radical,
as we shall see presently, It would be even more difficult to treat
the case of this triatomic radical quantitatively than that of CZ’ not
only because of the more complicated structure, our lack of knowledgc
of the transition probabilities involved, and cven the nonexistence of a
complele analysis of the emisssion spectrum of NHZ’ but alsc because
of the combined effect of the concentration of the NH2 emissions toward
the nucleus and of the presence of a strong continuum in the spectrum
of Comet Mrkos (1957d}, whick is to mask the weaker lines of this
radical. The procedure that is followed, then, is to look for irregu-
larities in the relative intensities of NH2 emissions and to show that
such irregularities are correlated with the unevenness of the spectral
distribution of the exciting light that produced these emissions. Table 3
. contains some examples of NI—I2 emissions issued from a given upper
level and weakened by fluorescence in the spectrum of Comet Mrkuos
(19574d).

Table 3. Weakened NH, Emissions (Upper Levels)

(V;’ V;s V;) N;(;, K

(0, 8, 0) 2,

(0, 9, 0) | 3,0 4

(0, 10, 0) 350

(0, 11, 0) 3

(0,12, 0) 3.,

(0,13,0) 3210 To7 05 S0
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Only the notations of the upper level in question are listed. For instance,
in {0, 8, 0), the red component of 211- 221, which is absent from the comet
spectrum, coincides, after due correction for the Doppler shift, with

the line Fec 16318, 04 ir the solar spoctruin; the same component of

211— 321 and of 211— 101, which have the same upper level as the line

just referred to, are also absent, Similarly, in (0,9, 0), the absence of
54.- 3

the violect compoenents of the doublets 3 and

217 fe Pa1” G 3217 33
321- 431 can be assigned to the coincidence of 321— 211 {violet com-
ponent) with the solar line Mn \6016. 65 and, lcss importantly, to the
depletion in radiation capable of exciting the violet component of 321— 431
produced by the presence of Ni A6108.13 in the sun spectrum.

It is also interesting to compare the behaviors of various rotational
NHZ lines in different vibrational transitions, as this aiso can provide
some clues to the excitation mechanism, The rotationezl line strengths
being indcpendent of the vibrational quantum numbers, the relative
intensities of the linecs of a given sub-branch will be the same in all
bands if these are excited by a nonfluorescent process, If, on the con-
trary, the emissions are produced by fluorescence, the relative inten-
sity distributions in sub-branches will, in general, bear the impress
of this fluorescence because they will be influenced by chance coinci-
dences with Fraunhofer lines and because they are likely to be affected
differently in different bands. A series of sub-branches have been ex-
amined systematically from this point of view in 2ll the bands in which
they appear and some of the most significant cases have been collected

'

in table 4,



-15-

Table 4, Observed Relztive Intensities of N'H2 Lines

In Various Vibrational Bands

{1,7,0)

abs {Q)
2n
1IN
2(bl)
abs

abs
abs(©)
abs

abs

*The line 53
helpful for the identifications,

(0,12, 0)

On(bl)
1{bl)
abs {Q)

abs

on
abs

abs

(0,13, 0}

abs (Q)
1N
1d
In(bl)

abs

abs
abs{®)

abs
2{k1)

(0,11, 0)

abs (@)

(0,10, 0)

3n(bl)
2({bl)
1
ahs

abs (®)
2(b1)
(2a)*

{0, 9,0) {0, 7,0)
1 1N
5{bl) 3
2(b1) ON(bl)
4({bl1) 2n
abs abs
4(b1) abs
1(bl) ON{(bl}
abs abs
2(bl) abs
(0, 8,0)
abs (Q)
2N(bl)
3
abs
In
abs
abs

2- 642 illustrates the fact that such an analysis may be
This line is absent from (0,12, 0) and

from (0, 8, 0) while there is na coincidence with any Fraunhofer ab-

sorption,

32

_64

Thusg this indicates that the emission feature measured at

25939 in the comet spectrum cannot be assigned to 5 2°
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Although the situation is sometimes rather complex, mainly
becausc of the presence of numerous blends (bl), there seems, in a
first approximation, to be a general tendency for the sub-branches to
show parallel behaviors in the various vihratiornal hands., Of course,
no conclusion can be inferred from the absence from the comet spectra
of lines like 404- 514, 455" 312 and 413— 523 which have small
strengths. Howewver, it is noteworthy to find cases in which lines
arc present in some of the bands while absent from others, and it is
then remarkablec to sec that, when the lines are absent, they just happen
to coincide with solar absorptions, account bheing taken of the radial
velocity shift. (This is indicated by ¥abs (@)% in table 4.} This vepre-
sents a strong argument in favor of the resonance-fluorescence excita-
tion machanism, since we do not know of any other process that might
produce such selective effects in a comet head. Thus, the spectrum of
Comet Mrkos (1957d) has been the first to give good indications that the
N’HZ emissions are excited by this mechanism in the same manner as
the other head emissions, for which this was already known. But here
again it is recommendable that more detailed discussions be undertaken
when high~resolution spectra of a bright comat with a weak continuum
arc available and we are better informed about the physical characteris-

tics of the NI—I2 radical,



-17-

Chapter II
COMET SEKI-LINES (1962c)

High-resolution spectra of Comet Seki-Lines (1962c¢c) were
secured by Greenstein in April 1962 waen this comet was about 0.8 A. U.
distant from the sun. Relevant data concerning these observations are
given in table 5.

Table 5. Comet Seki-Lines (1962c). Description of the
observational material,

Plate Pd 6545 P4 6552 Pd 6558
Emulsion 11aO Bkd 103aD + Yellow  I1aO Bkd
Filter
Dispersion 18 .EL/mm 27 ja./rnm 18 ﬁ/mm
Date (U. T.) {Apr 1962) 22.180 23.163 24,150
Heliocentric distance,
r(A,1.) 0.79 0.82 0.85
Heliocentric radial velocity,
2 (km/sec) 46. 3 45.6 44,9
Geocentric radial velocity,
-%Aé {km /sec)
computed” 44, 6 45,3 46.1
observed 43,4 % 2,7 44,6 + 3.6 45,1 % 2,2
Band system studied CN wviolet C, Swan, NHK CN violet

2 2

*From the orbit by Candy (IAU Circ. 1795), It is unnecessary to calculate
very accurate radial velocities, since the errors from readings in the
Utrecht Solar Atlas cannot be much smaller than 0,014, whick e, g. cor-
responds to 0.8 km/sec at 23883,

%
No systematic difference is found between the values derived from
GZ lines and those from NH2 lines,
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l. The CHN (0, 0) Vioiet Band

The mean of the wavelength measurements in the wavelength
range AA3858-3884 of P¢ 6545 and Pd 6558, corrected for the Doppler
shift due to the geoceulric radial velocity of the comet, appears in
table 6, together with visuzl intensity estimates and assignments.

The resonance-fluorescence of the (0,0) band of the CN violet system
has been studicd in detail {Greenstein, 1958; Hunaerts, 1959a). Actually,
as Swings and his collaborators have already pointed out on several
occasions, a complete, precise study would require solar spectro-
phwolometric Lracings of greater accuracy and greater resolution than

those of the Utrecht Solar Atlas which have been used in previous

works., Since such very accurate tracings are not yet available, we
shall content ourselves with using the Utrecht Solar Atlas, which will

prove sufficient for our purposes.

a. The Radial Velocity Effect

As mentioned in the Introduction, the interpretation of the odd
structurc of the CN violet band observed in cometary spectra became
clear when Swings realized the essential role played by the absorption
lines present in the exciting solar radiation. Swings also stresscd the
importance of changes in the radial velocity "which could bring the
cometary absorption lines inside or outside strong Fraunhofer lines®
and thus modify the CN structure appreciably, Three spectra cor-
responding to different heliocentric distances and radial velocities will
be compared here. It will be shown that the differences in > and

principally in —g—tE are sufficient to explain the main differences observed
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Table 6, The Violet CN (0,0) 3and in Comet Seki-Lines (1962c¢)

- I Identifications
3857, 68 0? 57.69 R{21)
58. 71 0 58, 69 R{20)
59.71 1 59. 67 R{19)
60. 60 0 60, 60 R(18)
61, 59 1 61,57 R(17)
62.52 6 62,48 R{16)
63,39 8 63,40 R(15)
64, 29 4 64,30 R(14)
65.16 7 65.16 R{13)
66,03 6 65.99 R(12)
&6, 84 7 66,82 R{11)
67,61 B8 67.62 R{10)
68,41 8 68,41 R{%9)
69,18 10 69.18 R{8)
6%. 90 8 9. 92 R(7)
70. 66 1 70. 65 R(6)
71. 37 3 71,37 R{(5)
72.006 4 72.05 R(4)
72. 69 3 72.74 R(3)
73,37 4 73,37 R(2)
73. 99 4 74, 00 R{1l)
74. 60 1 74. 61 R(0)
75. 78 2 75,77 P(1)
76, 32 2 76,32 P{2)
76. 85 5 76, 84 P(3)
77. 36 3 77,35 P(4)
77 80 2 77, 84 P(5)
78.33 2 78. 30 P(6)
79. 90 20
83. 05 20 Head of P~branch
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among the three spectra. For this purpose we shall compute the
theoretical intensity profiles of the violet (0, 0) band for the particular
values of the heliocentric distances and radial velocities involved,

These values are as follows:

gar
dt
_d_{
dt
dr
‘at

Comet Mrkos (1957d), r = 0.60 A, U,, = 34,7 km/sec

Comet Seki-Lines (1962¢), r = 0.55 A, U,, = 50,0 km/sec

Comet Seki-Lines (1962c), r

0.85 A, U,, = 44,9 km/sec
Figure 1, which we shall make use of in the proposcd compari-
son, has been composed by joining the crests of the rotational lines of
the (0, 0) band in density tracings of the three spectra. The vertical
scale has been adjusted in such a way that the highest points of the
three curves more or less agree with each other, (This is sufficient
for our purpose, for we shall refer only to the presenee or absence
of maxima or minima at some places in the curves.) For Comet Seki-
Lines {1962c) I the curve has been obtained from =z visual inspection
of a reproduction of the spectrum taken by Swings and Fehrenbach
(1962), We notice at once that, for each of these curves, the behavior
of the first lines of the P-branch (2 = K" = 6} is very similar to that
of the first lines of the R-branch (0 = K% = 4), as it should. The
crowding of the P-lines for larger values of K" prevents such a
similarity to show up in the case of these lines. Another obvious re-
mark is that the first few lines (up to K! = 5) are relatively stronger
in Comet Scki-Lines than in Comet Mrkos: this results from the fact
that the 10 to 20 k:n/sac extra positive radial velocity of the former

comet shifts the exciting radiation for these lines slightly more off the

strong solar absorption at A3878.03. Before procceding to a closer
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examination of figure 1, we have to lay down a few formulae which will

be useful in the ensuing discussion,’

Theoretical Treatment of the Fluorescence

The computation of a theoretical profile is carried out in two
steps. First, one has to determine the relaﬁve populations of the
rotational levels in the ground electronic state, Then, combining
these populations with the rotational line strengths of the transitions
involved and with the relevant values of the residual intensitics in the
solar spectrum, one derives the relative intensities of the individual
lines. Explicit formulae will be given below.

It has been customary, in previous investigations concerning
the resonance-fluorescence mechanism in comets, to make the con-
venient assumption that the distribution of populations of the rotational
levels in the ground state of a molecule follows the Boltzmann law at
some appropriately chosen temperaturce. As recognized by the authors
of these investigations themselves, there is, of course, no justification
for suchahypothesis. Not only will the Fraunhofer lines bring about
various irregularities in the relative populations of the rotational levels,
but the agent that would tend to produce a Boltzmann distribution is
even lacking, since collisions are so infrequent in a cometary atmosphere.
All that can be asserted safely is that, if a state of equilibrium is estab-~
lished, the populations of the energy levels will be constant, which is
expressed by the following steady-state equations valid for the case of

Zx . 22 transition, like that of the CN violet system, when we neglect

the very small spin splitting in both the upper and lower levels,
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The first of these relations expresses the equality between the number
of transitions leaving a given level (v', K'} in the upper electronic state
to the number of transitions cntering that level, while the second does
the same for a level (v", K") in the lower clectronic state. Av'v“ , the
transition rate for the vibrational downward transition (v',v") (or

Einstein coefficient of spontanecus emission), is given by:

ban B 3

2 -1
Av'v" = 3hC3 E—u vv'v". ]Rv‘v"l (sec 7) (6)
or
2,2 By P_t.n
A'"__STTL # Vv I , (7)
vV mc g ?x3 oo
u t_.n
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whe re Vo is the frequency of the transition, RV.V,, the transition
moment, P_iu the relative transition probability {for which numerical
values have been tabulated by Nicholls (1956} ), and where f is the
f-value of the electromnic transition referred to the wavelength LS,
of the (0, 0) band of the system.* g, and g, are the statistical
weights of the lower and upper e¢lectronic states respectively. The

other symbols are obvious. Similarly, the transition rate for upward

transitions is

-1,
CV'V" = BV'V“u to It (sec 7) (8)
or
2 2
_ 417e 2 .
Cvrvu = —3— Pvlvl] ﬂ”oo(}‘ F?\)V'V" W (9)
mhc .

where BV,V" is the FEinstein coeificient of absorption, Ut is the
energy density of exciting light, per unit frcquency intcrval, at the

wavelength of the transition at the distance r from the sun, F?\ the

mean intensity of the solar disk in the continuum, per unit wavelength

interval, at the same wavelength (the cffcct of absorption lines is taken

Kk
care of by the residual intensity factor Ty in equations 4 and 5, and

*
The relation between the line strength (equivalent to IRV,V,,IZ here) and

the cscillator strength involving afactor A\, a particular wavelength has
to be specified before an f-value can be defined in the case of a molecular
band system. The most natural choice is, of course, to take ?\00, the

wavelength of the (0, 0) band -- although another wavelength may be more
appropriate in some cases (cf, Appendix C, Db, where the definition of f
is also given),
“The re sidual intensity as determined from the Utrecht Photometric
Atlas has to be corrected in order to allow for the difference between
"apparent” continuum (ordinate 100 in the Utrecht Atlas) and true con-
tinuurm, as indicated by Michard (1950),
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W is the dilution factor:

2o
W = & — (10)
4r
R P . . .
5" and S denote the rotational line strength for an R- and a P-line

rot
respectively, 8y the statistical weight of level K and AK the

transition rate for pure rotational transition from level K to K-1

(for simplicity we shall write K for K"), which can be expressed as:

4 5
3hc gk
or
Arot | 256#41»'.2:53 K4
K 7 3h 1 (12)
K + 3

where vi is the frequency of the pure rotation transition K — K-1,

u = éo is the electric dipole moment of the molecule, SK the pure
rotation line strength, and B the rotational conetant in the vibrational
i 2t
level v" =0 of the X "2  state.
If we recall that of the four possible arrangements of absorptions
and subscquent cmissions (absorption in cithcr of R- or P-branch

followed by emission in either of these branches) the process of absorption

in the R-branch followed by emission in the P-branch, the net result of

*We notc incidentally that vk = 2BKc is expresscd in terms of K, not

J as Hunaerts has written (Hunaerts, 1959b}. Indecd the rotational

term values are given in terms of the quantum number K:

F(K) = BR{K +1).

We cgn neglect the term in KZ2(K+1)%4 because the corresponding term

in K° in vk would be important only for K > 50, since D/B = 3x10*6.
The numerical values given in table 1 of the above-mentioned paper should
be revised accordingly, especially for the lower K-values (cf. Appendix
A),
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which is a passage from K to K + 2 in the ground state, has the largest
probability, ¥ it will become clear that, as Wurm first showed in 1937,
the distribution of populations in the lower statc of the cometary mole-
cule will be governed by two competitive processes: (1) absorptions of
solar light followed by emissions, which tend to increase the popula-
tions of the higher levels, and (2) pure rotation transitions in the ground
state, which have the effect of bringing molecules back to lower K-
levels,

As a rule we possess only poor data on the permanent dipoles
of molecules -- when we have any knowledge at all -- so that it would
be hard to solve systems of equations likc equations 4 and 5 in a satis-
factory manner. However, Hunacrts has found recently a nice way out
of this difficult situation, Hunaerts makes use of the cometary obser~
vations themseclves: he assumes that the last line seen in a band cor-
responds to a lower level K" such that for the mext higher rotational
level the lifetime against pure rotation transition, Trot’ is equal to

the lifetime. against absorption, 7 . Since we know T , it is
abs abs

rot

K -

In the case of the CN radical, the vibrational transition proba-

then easy to derive the rotational transition rates A

bilities are such that we can consider only the two levels v' =0 and
v!" =0, This grcatly simplifies the equations. Combining equations 4
and 5 and numbering the rotational levels in the ground state with K

instead of K", we obtain after some simple manipulations:

*The products of the line strengths of the lines involved in the various
arrangements are as follows:

RP (K — K + 2) : 4(K+1)£K+2)

RR {no change in K) : 4(K +1)

PP (no change in K) : 4K2

PR(K—~K - 2) 1 4K(K - 1)
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rot R R =) P P R
e ¢ ~ Sk Sk, Sk Sk Sk Skg.p

sl t =) =xeleo =t ) Fxk, '
00 gk+1 &g Bk-1 Bk 8x-1 BK-2

~R P rot
+ Xy io K . SK+2 + Xy 41 AKH (13)
Ex+  Bk+42 Coo

where X is the relative population of level K 1in the ground electronic

state. We disregard the influence of the Fraunhofer lines for the time

being, so that the residual intensity factor r, has been set everywherc

X
equaal to unity., Carrington (1962) has proposed a slightly different
optics which lumps absorption and emission together and thus deals

only with levels in the lower electronic state from the very beginning,

Equation 13 can be rewritten:

Pr-2¥K-2 ~ Pr tag T mgxg gy Y opa%gy, =0 (14)
whe re
4
_ (KA (K#2) XKl Okt
Pg ¥ REA) 2K ¢ 9K T REDEm Pk T 1 K. 08
-2

R being a dimensionless paramecter which measures the relative impor-
tance of the pure rotation transitions as compared with the flyorescence

processes:

3 2
. (256# me”ry ) . JiZBB , 1.2 )
3¢ 2R2 i (N2FL)
@ Poo' o0 N oo

(rl is one A, U. expressed in cm, so that r is the heliocentric distance
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of the comet in A, U.}., The second factor in equation 16 contains the
dependence of R on the molecule itself. X is taken to be constant and
it is assumed that F)\ does not vary over the wavelength range of the

CN (0,90) banc. A more useful expression for R is:

1
T {r) K+ =
bs 2
R = 2 X e 5 (17)
T ot K3

which shows that, if (Kﬂ - 1} is the gquantum number of the lower level
corresponding to the last line observed in the comet spectrum, the value
of R for the particular molecule involved and for the particular helio~

centric distance at which the spectrum was taken, is given by:

R= i, (18)

(K

provided that we make the reasonable assumption that Tabs(r) =T 1).

rot
Our purpose is to determine the distributions of X to be uscd
in the analysis of the CN (0, 0) band in the three spectra mentioned
earlier. However, it has been found instructive to make this study
somewhat more general and to endcavor to remove the arbitrariness
attached to the method which uses a Boltzmann distribution at z tem-~-
perature adjusted s0 as to give a morc or less satisfactory fit with the
observations. Accordingly, a computer program has been written in
arder to treat some 20 cases corresponding to values of r ranging
from 0,2 to 4,0 A. U. and including 30 rotational lcvels. The compu-

tations have also been carried out for a larger number of rotational
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levels (36); in the range of heliocentric distances of interest their
results are essentially identical to those obtained when 30 levels are
considered. T'he complete sets of resulis are given in tabular form

in Appendix B. Some of the distributions have been plotted in figure 2
which shows their dependence on the heliocentric distance, Each curve

has been normalized in such a way that

9

2“\
Z Xpe = 1 19)
K=0

The competition between fluorescence and purc rotation transitions is
clearly illustrated: the maximum of the distribution curve is displaced
toward lower K-values as the comet recedes from the sun, i.e¢., as the
illurﬁination decreases and the rotation transitions become more and
more predominant.

We have alrcady seen how a numerical value of the paramcfer
R can be obtained. For CN refcrence has bheen made to Hunaerts'
work on Comet 1942g {FHunaerts, 1959b). The last line of the CN (0, 0}
band seen in the spectrum of this comet, which was observed at

r =14 A, U,, corresponds to K =15, Thus we should write:

Tl“Ot (16) = TabS (I‘ =1, 4) ’

from which we should derive the value of R corresponding to unit
distance: Rl =1,25 X 10—4. Calculations based on this value, however,
lead to a distribution of X at r = 0.6 A, U, which fails to reproduce
the details of the intensity distribution observed in the spectrum of

Comet Mrkos (1957d) in the sense that it predicts too small intensities

for K wvalues greater than about 19 when the Fraunhofer
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Iines are taken into actounf.* The discrepancy can be partly removed
when the presence of the (1,1) band is taken into account, but this is
insufficicnt to explain it completely, Improevement could not be
achieved by merely relaxirg the condition that TroL(Ki) is exactly
equal to Tabs(r}: one might, indeed, expect the rotational lifetime of
the lower level corresponding to the first unobsecrved line to be only a
fraction of the lifetime ajainst absorption of sunlight depending on the
exposure time, but this would only make the situation worse, as the
corresponding value of Rl would be larger and the xK-distribution
would, accordingly, extend still less toward high K's., However,
another more important modification of Hunaerts' condition cught to

be made. For a given cometfary molecule the lifetime against absorption,
Tabs(r)’ has been regarded so far as depending only on the heliocentric
distance of the comet, while, in fact, it will alsoc show up a dependence
on K through the effect of the Fraunhofer lines again, and hence on
heliocentric radial velocity. If we examine the case of Comet 1942g

more closely we find that for the few lines just following the last line

observed, from K =17 to 20, the values of rk are very small -- taking
account that % = +6to8 km/’sec (McKellar, 1944) -- which suggests

that some of these lines may be absent not because Trot(K) is already
so small, but rather because 'rabs(r} is so long owing to the weakness
of the exciting light at the appropriate wavelengths for these lines, Thus
the valué of K at which Trot(K) pecomes equal to that part of 'Tabs(r)

~which does not depend on ¥ -- or to a fraction of it -- is probably

e
Hunaerts has treated this casc rccently (Hunacrts, 195%a). I must say

that I do not understand completely his results, especially the numbers
in the column headed "Ig" of his table 5: this I should be equal to
what is called here ry but Ilunaerts' values seem, in general, too high,
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larger than 16, In order to determine the best value for R, the
steady-state equations were solved at r = 0.6 A, U. assuming success-
ively the values K, =16, 17, 18, 19, 20, for Comet 1942g and the cor-
responding theoretical intensities in the R-branch were compared with
the intensities observed in the spectrum of Comet 1957d. The {inzl

result was:

R1=1,0><10'4.

It should be emphasized that in order to reach complete agree-
ment between theory and observation the solar ahsorptions have to be

included at the very beginning, i,e. in the detcrmination of x This

Ki
result is not surprising at all. As a matter of fact, the computations
which neglect the Fraunhofer lines in the first step (determination of

xK) and take them intc account in the second phase (evaluation of the

intensities} obviously involve an inconsistency. The distribution marked

¢’ in figure 3 results from the solution of a system of equations
equivalent to system 13 but in which allowance is made for the effect
of the Fraunhofer lines, while "a" is a stcady-state distribution which
does not include the solar absorption lines and the "b" curves are

Boltzmann distributions. To go over to the intensity profiles we have

to make usc of the following formulae:
R P
- 5 5
TK' T *K=K'-1 (rx g )K:K'—I FXpag'4° (rx‘g)sz'ﬂ » (20)

which gives the rclative population in the excited level K', and
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BT 77T T T T T T T T T T

X, (percent)

Fig. 3, Comparison of distribution of relative populations of rotational
levels of CN at r = 0.6 A, U,

a. from steady-state equations neglecting Fraunhofer
lines

b, Boltzmann distributions (450 and 550 “K)

c, from steady-state equations taking account of
Fraunhofer lines (dr/dt = + 34,7 km/sec).
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I (arbitrary scole)

Intensity distribution in the R-branch of the CN violet
{0, 0) band in the spectrum of Comet Mrkos (1957d).
Solid curve: observed distribution
Dotted curve: theoretical curve based on x,-distri-
bution neglecting Fraunhofer ]l{ines
Dashed curve: theoretical curve corresponding to
steady-state distribution taking Fraunhofer
lines into consideration.

The smooth curve represents the thermal equilibrium intensity
distribution (T = 500°K),
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R_( S K+l

'K~ kYK' g—; )K'=K+1 = YRi'-K4 | K33 {21)
P Sir K _
ix = U é;’_)K'zK—l = Ygiok-1 ' SR (22)

which express the intensities of the rotational lines in the R- and P-
branch respectively (an inimportant factor invelving the wavelength

has been omitted)., Figure 3A shows the intensity distributions pre-
dicted on the basis of XK-distributions ignoring the effect of Fraunhofer
lines {dotted curve) or including this effect {dashed line): it is clear
that the latter accounts better than thé former for the observed in-
tensgity distribution in the R-branch of the (0, 0) band, Distribution

"a" and distributions "b" give nearly the same result; only one intensity
distribution has been plotted for these two cases in figure 3A., It is
seen that these x,~distributions are definitely unable to reproduce the
high intensity jump from R(6) to R(7} ard that, on the contrary,

they predict too high intensities for the last lines (the observed inten-
sity profile has been corrected for the presence of the (1,1) band
assuming a ratic (1,1)/(0,0) = 0.10). The fact that the maximum in

curve "¢

of figure 3 is morec pronounced and shifted to the left with
respect to what it is in curve "a" can be understood roughly from the
circumstance that the wecakening due fo the solar absorption lines has,
on the whole, an effect simiiar to that of an increase in the heliocentric
distance, which is precisely to push the distribution curve toward lower

K-values, as we have already seen in figure 2.

A final remark concerning the gencral treatment of the
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fluorescence problem of CN in comets is necessary. It has becn
tacitly assumed in the forepgoing considerations, as has always been
in previous studies of this problem, that the fluorescence of the CN
violet system (B 2zt i x %y ik) can be dealt with independently of any
other electronic transition in which the ground statec X 22+ might
be involved. Actually, however, the ground state X 22+ of CN is
connected not only with B o but also with A 2[], the corresponding
transition being the CN red system. Now the red system has long
been known to cccur in cometary spectra and there is indeed some
definite evidence that the overall strength of the red system is proba-
bly comparzble to that of the violet system in comets (Dufay and
Swings, 1958). Thus in order to be completely rigorous it would be
required to consider both transitions at the same time, This would
make the treatment of the fluorescence appreciably more complicated,
especially since it would be necessary to include several vibrational
bands in the A 2l - X 2xt transition and since each of these bands
contains as many as 12 different branches, but on the other hand it
would presumably tend to remove some slight discrepancies that still
exist between observed and computed intensities (figure 3A). In parti-
cular, since the effect of the Fraunhofer lines is not likely to be im-
portant in the red system, we may expect that the xK-distribution
would be somewhat smoother than in the case when the violet syster is
studied alone. This might reduce the maximum observed in curve "c¢"
of figure 3 and thus also the peak occurring at R(7) and R(8) in

2

- o +
figurc 3A. On thce other hand we notice that including the A Zli - X"z

transition would not affect the value of the parameter R;, which is
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determined by K,, but that it would maodify the value of T bs and

consequently, also that of T, (K). (See Appendix A.)

ot
No one of the steady-state distributions can be fitted satisfac-
torily by a Boltzmann distribution. Nevertheless, if one insists on
representing the curves by a parametric formula of the form of the
Boltzmann law, one can find such a rough representation. This is
shown in figunre 3 for the case r = 0.6 A.TI. {curveg "a" and "b"); the
Boltzmann curves drawn (450 and 550 OK) indicate that it is not possible
to find an equilibrium distribution that exactly imitates the steady-
state curve at hoth low and high values of K, The Boltzmann curve
at 500 °K used by Hunaerts {1959a) gives about the "best" fit to the
steady-state distribution. If this is done for a series of values of r

it is found that the parameter T to be used in the Boltzmann formula

varies according to the law

)
T = 300 K (23)
T
to be compared with:
375 o

—
H

T K, (24}

as used recently by Hunaerts (1959a). 1f one realizes that the difference
between curve "a" and curves "b" of figure 3 is not very important, *
one can understand roughly, from forrmula 23 and from the present
results concerning the distributions of Xper why Hunaerts had to

switch from:

*
This is cue to the fact that, as long as one uses xy's that do not include
the effect of the solar absorption lines, the essential factors in formula
20 are the rk's rather than the xK's.



T = 222 K, {25)

which he used for OH (Hunaerts, 1953) at »r = 1,0 A, U,, to formula

24, which he applied to CN at r = 0,6 A, U, Indeed formula 23 gives
T =300°K at r =1.0 as formula 24 does, while it gives T = 500 °K

at r = 0,6 as formula 25 does, Although the lower electronic state of
the relevant transition in OH is a ZH state, the case of OH can be
compared, in first approximation, to that of CN since the band systems
of these two radicals that we are concerned with have very similar
relalive vibrational transition probabilities; moreover, the difference
between R{OH) and R{CN) -- the former being about 200 times larger
than the latter at a given heliocentric distance -- is compensated by the
difference between the rotational constants B of the ground statcs of
OH and CN which occur in the Boltzmann formula.

Carrington (1962) has carricd out computations similar to the
oncs presented here, but he has included only 18 rotational levels and he
has made an unnecessary approximation which unfortunately invalidates
his numerical results, This author has taken a mean value for the
factor V% in equation 11, which is approximately equivalent to assuming
a constant value for K3 which actually varies from 1 to about 5000 when
K varies from 1to 17, In this way the pure rotation transition rates
for the higher levels are underestimated and the rcsultant distributions
are too broad, as they extend too far toward high K-values., Further-

more, the distribution changes too rapidly with the parameter 1 (equiva-

F

lent to our paramecter R), i.e, with r, as illustrated in figure 4, wherc
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KM, the value of K at which the maximum of the curve vccurs, is
plotted against r., Also shown on this plot are a number of observa-
tional points faken from various sources, This diagram should be
interpreted with great care, the apparcal good agreement between the
observations and the solid line being only indicative. Indeed, no com-
plete agreement is to be expected, since the observational values for
KM acre allecled not uvnly, in sume cases, by the difficulty of accurately
estimating the position of the maximum from the visual inspection of

a spectrum, but also, in general, by the effect of the Fraunhofer ab-

sorptions, which is not included in the theoretical curve,

We can now turn to the comparison of the three spectra repre-
sented schematically in figure 1 (p. 21). Using the appropriate Xpe™
distributions determincd by the respective heliocentric distance and

reading r, at )'exc indicated by the radial velocities %%, we can

S
show by means of formula 20 that there does exist a correlation between
minima or maxima appearing in figure 1 on the one hand, and low or
large values of the populations of the upper levels corresponding to the
lines involved on the other hand., This appears clearly on figure 1A

{p. 22) where the quantities ig and ii given by equations 21 and 22
have been plotted after a slight transformation which brings them on to

a density scale. Although here again one cannot hope that the theoretical
computations will reproduce the observations in all their details, a
quick comparison of figures 1 and 1A sufficés to disclose a striking

similarity between these two diagrams. In particular, the following

points are especially evident:
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(a) R(18) : weak in Seki-Lines I (5-1: I) and Seki-Lincs II
(S-L II)

(b) R(12), R(14) : wvalleys in Mrkos (M) and S-L II,

{c) R(10) : dip in M,

(d) R(7), R{8) : stronger in M and S-L Ii,

(e} R(5) : valley in S-1. 1,
(f) R{4) : peakin S-L II,
(g) R(3} : peakin S-L I,

(b} The first lines of both the R- and P-branches are stronger
in S-L I and S-L II than in M.

No doubt it is significant that we are able to explain such variations in
terms of differences in heliocentric radial velocities and heliocentric
distances, even in the same comet, on the basis of the resonance-
fluorescence excitation mechanism alone. The simplicity of this expla-
nation is certainly not the least of its merits, Beside these convincing
examples, a fcw minor discrepancies between figures 1 and 1A could
be pointed out, but there are good reasons for such differences to arisc:
(1) the effect of Fraunhofer lines has not been taken into consideration
in deriving the distribution of relative populations of the rotational
levels in the ground state; {2) the accuracy of the solar tracings used
is not sufficient; {3) the effective radial velocity, which includes both
the orbital radial velocity and a component representing the motion of

the molecules within the comsat itself, is not known.



-43 -

b, The Effect of Internal Motions

The latter point leads us into the question of internal motions
of the cometary gas. The effect of these motions, first noticed by
Greenstein (1958), iz to crecate differences in the relative intensities
of certain rotational lines at differcnt places in the comet, These lincs
arc the ones that are most sensitive to small changes in radial velocity,
i, cs, the oncs for which Rexc falls on or ncar a stcep portion of the
solar spectrum. The "Greenstein effect” manifests itself in Comet
Seki-Lines though less conspicuously than in Comet Mrkos, as we can
seec from figures 5, 6, and 7. In each of the first two of thesc figures
three "envelopes" corresponding to differcnt positions along the lines,
as indicated in figure 7, have been drawn. Noticeable differences exist
1c;'cttw':fsn these curves, as, for example, on PD 4545
{a} R(12)/R{l1} : =1 in the central region, while apprcciably
<1 elsewhere,
{(b) R(11)/R({10) : <1 except on the sunward side where it is 2 l.
{c} R(3)/R(2) : =1 at the center and on the tailward side, but
<1 on the sunward side,
{d} In the P-branch the intensity decreases from P(3) to P{()
in the central and tailward regions, with a marked peak at
P(3) especially near the center, whereas it is really more
constamni on the sunward part.
All these differences in relative intensities can be detected visually in
figure 7. Figure 6, which corresponds to Pd 6558, shows a more uniform
pattern, although examples of Intensity ratios that are not the same on

the three curves can still he found.
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i

A

The letters (a,b, c) refer

The Greenstein effect - Pd 6545,
to the positions indicated in fig, 7.

Fig. 5.
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5 K14l 12wl

The Greenstein effect - Pd 6568,

Fig. 6.
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SEKI-LINES
(1962c)

r=0,79 A, U,

dr

a= 7 46.3 km/sec

R Rranch P Branch

MRKOS
(1957d)

r=0,60 A, U,

dr
=t 34.7 km/sec

Fig. 7, The violet CN {0, 0) band in Comet
Seki-Lines (1962c¢) and in Comet Mrkos (1957d)
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In a study of the spectrum of Comet Mrkos (1957d) Hunacrts
(1959a) proposed to explain the variation of the profile of the violet (0, 0)
band with the distance from the center of the nucleus by a possible rota-
tion of the cometary nucleue, This assumption caanot be confirmed in
the case of Comet Seki-Lines (1962c) any more than it could be by the
spectroscopic observations of Comet Burnham (1959k) (Dossin et al.,
1961). Fixing our attention to Pd 6545, for instance, and knowing that
the slit of the spectrograph was oriented along the tail of the comet when
this plate was taken, we can look for another possible explanation. What-
ever the causo of the formation of a comet tail may be, wc know at
least that some cometary particles are susceptible to undergo the
influence of such a cause and are consequently accelerated in a general
<;1irection away from the sun, Thus according as the CN radicals are
indeed affected by a "wind" of some nature or not we can think of the
comet, as far as these radicals are concerned, in terms of either one
of the two classical modcls skctched in figure 8. Model I represents
the simplest comet head model that can be imagined: the particles are
ejected isotropically with velocity Vs from the nucleus and move
radially, undisturbed. Model II is Eddington's "fountain model" in which
the particles after ejection {assumed to be isotropic) are submitted to a
constant acceleration g directed away from the sun and thus describe
parabolic orbits. Let us first consider the possible effvcls of these
motions alone. Since the cometary atmosphere is very tenuous, an
observer looking through the comet at a projected distance p from the

nucleus will see molecules with varying radial velocity components
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relative Lo the sun. Il is easy to evaluate the mean "internal” radial
velocity (% )i as a function of p in each situation. The formulae
are given in figure 8. In the first case the particle density decreases
as Lhe inverse square of the distance from the nucleus so that the dis-
persion around the mean (%?r)l is rather small. The distribution of
molecules being flatter in the fountain model (see Eddington, 1910, and
Fokker, 1953) the mean (%%)1 is not so sharply defined,

In spite of this difference and the difference in the expressions
for (-j—tr)l we shall see that it is not easy to distinguish betwcen
model 1 and model II from a study of the structure of the rotational
lines, It is useful in such a study te construct “radial profiles™ of the
lines, like those shown in figure 9, which are obtained by tracing the
spectrum along the direction perpendicular to the dispersion and
adjusting the length of the slit of the recording microphotometer so as
to cover only one line at a time. The shape of these profiles is fixed
boih by the variation of the integrated number N(p) of CN radicals
with the projected distance p from the center of the nucleus and by
the variation of the effective radial velocity, which governs the amount
of energy available to excite the individual lines. Thus it is necessary
to consider the dependence of what we may call the "excitation function”
for level K, Cpes given by:

"I\ YRRy R FEC T

1 R K+2 P
i \ (26)

{also equal to YK':KH) upon (%)1 Some examples can be found in



/\
i /\
. /\
SUN TAIL
- — NUCLEUS

xi500 km
—y

Fig. 9. Radial profiles of rotational lines (density tracings).
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figure 10, From this diagram we see that the lines that are the most
likely to provide information about the way in which (%)1 changes
with p are R{8), R(9), and R(12), since these are the only lines for
which ek varies appreciably in the neighborhood of (£d1t£)1 = 0. The
fact that R(8} and R(9) are somewhat stronger on the sunward side,
in the close neighborhood of the nucleus, than on the tailward side,
while R(12) is weaker on the sunward side can apparently be accounted
for by cither model provided that we assume an ejection velocity Vo

of about 3 km/sec, a value somewhat large compared with the usual
estimates, but not unreasonably so. We cannot hope to make usc of

the explicit dependence of dr on in order to discriminate between
P dt p

/i
the models because the distances p involved here are too small -- of
the order of secveral thousand kilometers -- and, in the case of model II,

pecause any possible acceleration imparted to the CN radicals is
propably very small, as the very nearly circular character of the ob-
served 'images of these radicals suggests, Furthermore, the slow
increase of (%%)1 would presumably be masked by the more rapid
declinc of N(p) as p increases. Although both models are expected

to be over-simplifications of the actuzl comet head -~ e, g., only because
they assume a unique velocity of ejection -- it might be argued, at first
sight, that model II includes a particularly unrealistic feature in that

it regards the repulsive force exerted on the neutral particles as acting
continuously, whercas the interaction is more likely to be an impact

phenomenon involving either photons or corpuscular radiation. In this

respect model I would be closer to reality if, for example, the repulsive
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1201 R(8) ]
100 —
R(7)

R{l1) 7
z8ol 12
=
p R{9} (1
5 8
:E B —
I R{!3) 4 1

.
® 60} ylf 7 S _
B >
A0~ pe3) 7
- R{12) T
] | ] | | |
-6 -4 -2 0 4 6
(dr/dt);, (km/sec)
Fig. 10, Exgitation functions obtained by means of equation 26. The

Xg 8 include the effect of the Fraunhofer lines {Comet

Seki-ldnea, April 22, 1962),
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force under consideration destroyed the fluorescing particles {ioniza-
tion, dissociation} at the time of collision. However, the absorptions
in the A3883 band, during which the CN racdicals acquire some momen-
tum in the direction opposite to the sun, are much more frequent than
the destructive collisions just mentioned (ultraviolet radiation, cor-
puscules}. We shall return to this question in chapter IV. For the
time being we nofe that, in the final analysis, the fountain model seems
more probable than the isotropic expansion model.

In any case, in addition to the orderly motions considered so
far there is some definite evidence for the cxistence of internal motions
of a more random nature. Thus, for instance, referring to figure 7,
we notice that the lines P(3), R(l), R(3), R(9), R(10), R{12), all undergo
a discontinuity at a distance of about 2000 km sunward of the nucleus
as indicated in this figure (position marked d). TFigure 10 then tells
us that the only velocity for which P{3), R(9), R{12) together become
particularly wecak is around -5 to -6 km/sec. It can be verified that,

f or the same value of (g_tr)i’ there is a dip in the excitation curves

of R(3) and R(10) as well, while R{1l) is obviously associated with P{3).

On the other hand,almost all other lines are either not or virtually not
affected when (%)1 changes from about -2 km/sec to about -5 km/secc,
An exception is R{i1), which should be stronger: this, indeed, is ob-
served. A severc criterion that has to he satisfied when assigning a
certain velocity component to 2 given region in the comet is, of course,
that the effects produced by such a velocity on all lines of the band be

all consistent with each other. Thus, if we adont model I, which would
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seem the better in this conncction, there should be an additional sun-
ward component of radial velocity of some 3 to 4 km/sec at the above~
mentioned position in the comet. *

That model I is capable of explaining some observations, while
model Il is not, does not agree with what has been said above concern-
ing the respective ability of each of these models to represent the

actual situation. It is possible that the combined effect of errors in

dr
dt

is pot definitive) and in the solar tracings be responsiblc for this contra-

the orbital radial velocity {the orbit used in the determination of

diction, For cxample, a change of -?—1-,;: by -2 km/sec, which would shift
the (%—E)l scale by two unitslto the left in figure 10, would lead to the
conclusion that the fountain model is more adequate to account for all
the cbservations mentioned than the isotropic expansion model. How-
ever, such a change in %_tr_ secms somewhat large,

A few additional examples of random motions can be given., Thus,
negative radial velocity components of about - 2 ki /sec seem to be re-
quired near 5000 km tailward of the nucleus, which would account for a
sccondary maximum observed at this place in the radial profile of R{3},
and of - 4 km/sec at 9 to 10,000 km towards the tail in order to explain
why R(8) is still so strong there while R({12) is so weak. We notice that

the internal motions that we have to assure in order to understand the

relative intensity fluctuations in the comet head are all directed toward

*The corresponding motions are nearly parallel to the tail axis since
no large velocity component relative to the earth is observed, The
difference between the observed and computed values for dA/dt may
be rcal, but it is small anyhow (I to 2 km/sec).
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the sun, while the comet was moving away from the sun at the time of
the observations. It is tempting to add that this might be consistent with
the hypothesis of an interaction betwcen the cometary gas and the re-
sisting force of condensations cf interplanetary particles which would
oppose the motion of this gas. Yet it would be difficult to go far beyond
this point without going into purely speculative considerations.

In a thorough and very accurate investigation one would deter-
mine as many "radial profiles" as possible, on an intensity scale. This
would give S{p), the surfacec brightness, as a function of p. This is
not yet directly comparable with the computed intensity reféerred to one
particle, 1° l_(%)l], which is proportional to ii or ii expressed
in formaulae é4 and 25, for S{p) contains a factor N(p) representing
the dependence on the distance p of the nomhber of particles integrated
over the line of sight through a column-of unit cross section. The
determination of N{p} makes use of linecs such as R{15), for which Cr
is very nearly constant over a wide range of (%1:{)1 then, indeed,
we are sure that the essential factor determining the radial profile is
N{p), so that S(p} is proportional to N{p)., Knowledge of N(p) yields
at once the ohserved energy emitted per particle, Io(p), eqnal to

Sip)/N{p). A detailed comparison of Io(p) with IC[ —3%) ; should

then enable one to derive the relation between (%1%)1 and p along the
line that wasg seen by the spectrograph. Repeating this study for spectra
of a comet or comets -- preferably dust free! -- observed with the slit
of the spectrograph oriented in various positions, and, possibly, com-

bining this with information concerning (%%)1 obtained from a study
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of the usual profiles of the lines at different places in the comet, one
would gain a comprehensive view onthe internal velocity field in comets
and thus compile a set of data which might be valuable for the study of
the general structure of cometary atmospherecs. The amount of work
required to carry aut the analysis brie€fly outlined above, together with
the kigh resolution now achieved in cometary spectra would be dispro-
portionate to the relatively poor degree of accuracy of the reference
material concerning the solar spectrum that is generally avzilable at
present, In some cases it is found that Ty varies by a factor of 2 or
3 for a change in }"exc by an amount which, at the wavelength of the
CN violet band, corresponds to a velocity of 3 to 4 km/sec, This is
illustrated in figure 11, It nced hardly be mentioncd that it is highly
desirable in such cases to possess solar tracings of very high disper-
sion,

A final remark should be made about the values of x,. to he

K
introduced into equation 26, The rotational line R{12) provides a
strong confirmation for the necessity to take consideration of the
Fraunhofer lincas from thce outsct of the computation of the thcorctical
intensities or excitation functions. The transitions czpable of exciting
this line both fall near the bottom of Fraunhofer lines, as shown in
figurc 11, Should onc use the relative population distribution as deter-
mined when no allowance is made for the sblar absorption lines, it can
be shown that he would derive a very small value for the intensity of

R{12) corresponding to an effective racdial velocity equal to the orbital

velocity alone ( (-gtz)l = 0} and that it would conscquently be necessary
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to consider anomalously large internal velocities (> 20 km/sec) in order
tc account for the observation that R{12) is almost as strong as its
neighbors near the nucleus of the comet. On the other hand we have

already seen that no such difficulty is encountered if the x_-distri-

K
bution usecd itself contains the effect of the Fraunhofer lines.
We are not in a2 posiftion as yet to provide any detailed explana-
tion for the Grecnstein effect, Such an explanation will become possible
only aftcr several accurate investigations of the differential motions
in a number of bright comets have been carried out by using a method
similar, for example, to that which has been proposcd above and,
possibly, by itcrating the procedure in order to obtain a more correct
Xy -distribution which corresponds originally to dr)i = 0,

dt

2., Visual Region (CZ’ NHZ)

The results of two independent mcasurements of Pd 6552 are
given in table 7. The wavelengths listed in the firet column have been
corrected for the shift associated with the relative motion of comet and
earth, The identifications have been made on the basis of the same
references as those used by Greenstein and Arpigny (1962) for thecir
analysis of the spectrum of Comet Mrkos (1957d), For the great majority
of the emissions the wavelength appearing in the third column is the |
corresponding wavelength as mcasurcd jin the spcctrum of Comet Mrkos
(also corrected for the Doppler shift); only the symbol of the molecule
or radical responsible for the emission is then added, the complete

identifications being given in the above-mentioned paper. Since Comet



LY

4697.00
4714, 64
36.67
5013. 68
29.85
33,90
37.65
41, 22
45, 25
48, 39
49.65
. 52,86
56,27
59, 85
61.75
63,07
64, 96
66, 81
70. 23
71,92
73.48
75, 28
76,66
80,04
83,03
84,78
86, 64
89,29
92,43

Table 7,

IN
2N
3n
ON
1IN
07
1n
1n
ON
On
ON
1IN
1N

IN
IN

ON
IN

1n

2N

2N

2n

2n

-59.

The Visual Region of the Spectrum of
Comet Seki-Lines (1962c¢)

Identifications

97.40 C, (3, 2) Head

14,80 C, (2,1) Head

37.16 C, {1,0) Head

13.97 (2) C,

30.07 {2N) C,

33.95 (IN) C,

37.76 (2) C,

41.40 C, R((49), R,(48), R (47)

45,21 (1) C,

48.79 C, R,(47), R,{46)?

49,74 (0) C,

52. 77 (3) C,

55.94 (3d) C,

59.80 (2) G,

61.55C, R5(31); 61, 45R}(32), R;(33)

63.15 (2) C,

64.58 C, R4(32)7

66.82 (1) C,

70.12 (2) C,

71,65 C, Ri'(lS); 71, 96 R'2'(14); 72, 20 Rg{13)
73,47 C,

75.42 C, R,(26); 75.02 R,(27); 74, 94R,(28)
76.77 (1) C,
80.17 (2} C,
82,94 (2N} C
84,92 (1) C,
86, 65 (1n) C,
89.33 (3) C,
92,41 (2) C,

2
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Table 7, Continued

A 1 Identifications
5093, 93 On

95, 41 2 95. 34 (2) C,

97,61 2N 98.16 (2) CZ (2, 2) Head
5101.07 2N 01.14 {2) C2

03, 64 2n 03. 58 (2N) C,

05,19 oN

06.61 2 * 06.46 (2) C2

08, 24

09. 25 2n 09.30 (1) C,

11,68 2n 11,68 (2) C,

13,29 0 13,03 (0) CZ

14, 35 2 11.36 (2) C,

15,82 0 15,88 (1) CZ

16,86 2 16. 74 (2) C,

19,37 2 18,97 (I1N) C‘2

21,52 2n 21.32 (2) C,

24, 01 2 * 23,76 (ON) C,

25, 86 2N 26,05 (2N) C,

28,75 6N 28,42 (5), 29.11 (5) CZ (1,1) Head

32,583 2 * 32,38 CZ R].(IB)

34, 24 IN * 34,19 (0) CZ’ NHZ

36, 51 in 36,16 (1) CZ

38,14 In 38, 24 (1) CZ

39,70 In 39,47 (1) CZ

41,90 1n 41.41 {2n) CZ

43, 20 1d * 42,98 (0) C,

44,96 1N 44, 73 {2) Cz

16, 28 in 46,06 (1) C,

47,80 ln 47,82 (1) C2

49, 36 1n 49,26 (1) G2
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Table 7., Continued

A I Identifications
5150, 63 In 50,64 (2} C2
52,01 1 51,97 (1) G,
53,27 | 53,33 (1) C2
k4,45 1 54,47 (1) C2
55, 68 1 55,57 (1) CZ
56, 74 0 * 56,71 (1) CZ.
57,95 | 57.70 (1) C,
58, 65 1 58.39 (14) C2
62,61 5N 6l.69 (3N), 64.08 (10N) C,
64,84 20N 64, 71 CZ {C, 0) Head
86.25 0 86, 21 (On) NI—I2
91,75 On
94,14 0 94,17 (1) NH,
5318, 27 IN 18,32 (2) CZ
27.65 ON 27,49 (On) CZ
32,81 i 32,47 (1N} CZ
83.24 id 83,42 (1n) NH,
98, 76 1N 99.00 (2n) NH,
99. 94 07
5401}, 66 oON
13.35 IN 13,11 {IN}) C2
17,00 oN * 17,03 (In) NH,
18,93 1 19,08 (2} NI—][2
23,92 ON 23,74 (1) NH>
28,67 3 28,87 (5n) NH2
41,09 ON
43,61 ZN 43,70 (1) NH2
46,50 oN * 46,50 C;, R,(55)7
51,87 On * 51,91 (2) Cy
56, 84 On 57,16 (1) CZ

58,63 0 59,16 (1) CZ
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Table 7. Continued

A I Identifications

5460, 60 0 60, 92 {0) CZ
62, 41 IN 62,63 (2) C,, NH,
69, 64 2N 69, 88 (2M) CZ
72,63 2N 72,73 (3n) C,
75, 68 oN 75,96 (1) C,, NH;
77, 55 oN * 77,29, 77,66 NH, 2,0- 1,4
82.12 IN 82.46 (2n) C,
87.63 IN 87,90 (2) C,
89,57 On 89,77 {0) CZ
92.15 2n 92,16 (3N) C,
97.03 1N 97,01 (3n) Cy
98.97 07 99,04 (0) C,

5501, 26 3n 01,28 (5d) C, (3,4) Head
06, 53 2N 06, 24 (3) C,3 06,80 NH, (1, 7,0) 2, 35
08,16 0 08, 53 (1) CZ
10, 63 2N 10,90 (2) C,
12,67 ON 12,74 {0) CZ
14,79 2 14,91 (2) C,
164 59 i 16.94 (0) G,
21. 50 0 21,57 C, R (29); 21,40 R,(28);

21,48, 21,63 NHZ (1, 7,0) 423— 533
23,78 2N 23,90 {2n) C,, NH,
27,75 ZN 27.73 (3) C,
30, 80 0 30. 53 (ON) C,
32,18 A 32,29 (2) C2
36,16 2 36.29 (2) C,
40, 22 5N 40, 02 (6nd) CZ {2, 3) Head;
40. 21 NH, (0,11,0) 2, - 3,

45, 90 0?
46. 96 07 * 46,90 C, R, (18); 47,08 R, (17)
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5551, 65
55. 50
58,89
60, 21

62,35
65, 64
67.63
69.32
72,55
75. 99
78,46
- 82.10
84,91
87.69
838,42
90,68
93,44
95,74
98, 62
5600. 96

03. 48

65, 70
07,91
10,17
12,31
14,36
16,11
18.05
19,65

ZN
N

2N
2N
0?

2N

—

o= N

Identifications

51, 59 (2} C2

55,45 (In) C,

59.13 (2) CZ

59.87 G, P‘3 {36); 60, 53 NII
(0,11, 0} 423— 533

62,46 (3) C,, NH,

65, 66 (3) C2

67,45 (0) C,

69. 34 (2) C2

72. 38 (3n) CZ

75,60 (3N) C,

78,61 (3) C,

82.16 (2N) C,

85,01 (10N) C, {1, 2) Ilead

87.53 CZ R {21)

88. 23 (2} C,

90, 67 (3) C,

93. 55 (2) C,

96.13 (2d) C2

98, 37 {(ln) C,

00. 96 (2) C,

03.17 (1) G,

05.95 (3) C,

08,17 (ln) C,

10, 27 (2) C,, NH

12,29 (IN) C,

14.42 (2) C,

16,15 C, P,(34), P, (33); 16.31 P, (32)

17,78 (2) C,

19. 64 (1) C,

2

2
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5621, 20
22,91
24,32
25, 58
28,12
28. 84
35,006
82,05
93, 51

5701, 08
03,04
07,64

10,12
21,49
31, 67
41,37
52, 75

5928, 47
31,06
41,99
45, 56
48,52
52,10
61,06
62,75
76, 60
54,61
94. 99

6004, 33
06. 86
18. 53

ON
ONW
07
o
In
07
ON
ON
8d
ZN

ON
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Table 7. Continued

Identifications

21,31 (1) G,

22.92 (1) C,

24,29 (1} C,

25.83 (1) C,

28.55 (ON) C,

29,05 C, P, (25), P, (24); 29.24 P, (23)
G, (0,1) Head

82,24 (1) NH,

93,34 (zn) NH,

00,40 (In) NH
02. 98 (3) NH,
07.19 (0) NH,

2

20, 56 (3n) NE,
31,63 (3n) NH
41,28 (2) NH,
52,57 (1) NH,
26,61 (2) NH,
31.05 (0) C,

2

47.99 (1) C,
51,95 (IN) C,
60.99 (2) NH,, C

62,65 (2) NH, ’
76, 69 (6) NH,
84,61 (1} NH,
95.00 (5) NH,, C,

04, 69 {2n) G2 {3, 5) Head
07.00 {2) C‘2
18, 58 (1) CZ



A

6020,17
22.11
27, 4¢
28. 59
33, 55
37.92
39,05
59. 37
68,04
71.73
75,05
77.19
86, 97
R9. 53
91,99
94. 70
96, 69
g8, 20

6100, 76
08, 83
10,08
21.45
29, 54
76.87
78,71
82,77
85, 29
90, 69

On
IN
In
1IN

1n
07
07
On
0?
07
ON
ON
oN

ON

In
2N

On
oN
oON
1N
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Table 7. Continued

Identifications

20.13 (4) (32

22.15 NH, (0,9,0) 2, -1 .
28.79 (1) (’I‘2

33,40 (3n) C,, NH,

37.50 NH, (0,9,0) 2, - 2.,
39,19 NH, (0,9,0) 2,,- 2
59.12 (IN) C, (2,4) Head

71,64 (0) C,
74,45 (1) CZ?
77.34 (0) C,, NH,
86, 71 (ON) C,, NH
89.48 (1) C,
g2.15 (0) CZ

94. 67 (0) C,

96,56 (3) NH,
98.39 (3) NH,
01.30 (ON) C,?

08, 89 NH,, (0, 9,0) 3,,-
09,78 (0) C,, NH,
21.30 {2N) C, (1, 3) Head, NH

2

3

2

77.20 (0) C,?
78,80 (0) CZ
CZ?
CZ?

90, 54 (2n) C'I2 {0, 2} Hcad

4310 3527

4

32
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Table 7. Continued

A 1 Identifications
6288, 06 In 88.17 (3) NH,
97.09 1IN 97,18 (2N) NI—I2
98, 50 In 98, 58 (1) NH,
6300, 28 3 00.44 (10) NH, [ o1]
32,81 On 32,71 (1) €,
34,44 2n 34.61 (3) C,
60, 25 ON 60, 43 NH,
62,31 0N

63, 76 . ON 63, 88 [ OI]
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Seki-Lines and Comet Mrkos had somewhat different heliocentric radial
velocities, some featurcs may be appreciably shifted in the spectrum

of one of these comets with respect to its position in the spectrum of

the other (the center of gravity of a blend may be effectively displaced
oy a change in the relative intensitics of exciting radiation for the differ-
ent components of this blend). The fact that such shifts only seldom
occur in any important degree is undoubtedly in agreement with the low
efficiency of the solar light to produce intensity anomalies in the visual
range. In the case of the emissions whick were not reasured in Mrkos
the identifications appear in detail in table 7. Since the lifctirne of A
rotational level of 'C2 against pure rotation transition is approximately
proportional to 1/J3 -= the difference between J and K is irrelevant
here since we are dealing with very high valuee of these quantum num-
bers -~ while the life-time against absorption varies as rz, the highest
J-value observed should be proportional to rpz/?’. This is roughly what
we Observe if we compare Comet Seki-Lines {highcst J= 55, » = 0,82)
with Comet Mrkos (highest J= 75, r = 0,60). Similarly, the vibrational
excitation is lower in Comet Seki-Lines than in Comet Mrkos owing to
the larger heliocentric distance of the formcr., There are a focw other
important differences between the spectra of these two comets -- lines
that are present in one spectrum while absent f{rom the other, or lines
that are weaker in either of the spectraj thesc arc denoted by asterisks
in table 7, These differences can be understood in terms of radial
velocity shifts which bring }“exc in or off a strong solar absorption,

thus weakening or cnhancing the corresponding lines, I'or example, the
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line Rl (17) of the {0, 0) bzand of C2 at Ab5l134, 34 is wecak in Comet
Mrkos, while it is strong in Comet Seki-Lines: one of the two radia-
tions exciting this line is seen by the cometary molecules at A5133, 70
(Rowland intensity 4], in the case of the former comet, whereas it is
seen at A5133, 56, outside the solar absorption in the case of the latter,
It would, of course, be necessary to consider the line P1 (19) which,
like Rl {17), originates in level K' =18 in order to see whether this
line shows a behavior similar to that of R1 (17); however, this is not
possible because Pl (19) falls in a strong blend near the head of the
(0, ) band, *

On the contrary, the blend Pl (31}, P2 (30) of the same band at
A5156. 59 is stronger in Mrkos than in Seki-Lines: Noye falls at
5156, 00 A, where Ty is large for Comet Mrkos, but the heliocentric
radial velocity of Comet Seki-Lines exceeding that of Comet Mrkos by
about 10 km/sec, \___ is shifted to 5155, 80 A, near the center of the
solar line A5155,77 of Ni {Rowland intensity 2), The R-lines associated
with the two lines just considered give rise to an interesting feature.
The blend formed by R1 (29) (A5106.42} and RZ(ZB} (A5106, 50} together
with R3(27) {\5106. 60) does not seem to be very much weakened in
Comet Seki-Lines, However, further inspection reveals that this blend
is measured at A5106,46 in Comet Mrkos, whilc it appears at A510¢, 61
in Comet Seki-Lines, Thus the center of gravity of the blend has been

displaced to the red by about 0.15 A, indicating that R, (29) and R, (28)

*We recall that in the case of a line issued from a rotational level in
the vibrational state v'=0 the excitation occurs principally in {0, 0)
itself, so that the corresponding transitions in {0,1), (0, 2), etc. can
be disregarded.
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havc, indced, a lower intensity relative to R3 (27) in the spectrum of
Comet Seki-Lines. Furthermore, R, {29} and Rz (28) themselves
are affected to somes extent by the Fraunhofcr line A5105, 55 (4) in

the case of Comet Seki-I.ines, but not in the case of Comet Mrkos,
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Chapter III

COMET HUMASON (1961e)

About two years ago an uncommon object made its appecarance
in the sky. It svun won fame: Comet Humason had very high intrinsic
luminosity and exhibited exceptionally intense activity, its brightness
fluctuations being conspicuous both for their often large amplitude
and for Lhe suddenness with which they sometimes occurred (see e. g.
Van Biesbroek, 1962}, The spectrum of this comet was not less
remarkable: the outstanding feature was the overwhelming strength
of the "comet-tail bands" of the molecular ion COF even in the region
of the comet's head (Greenstein, 1962; Dossin and Rousseau, 1962).
A preliminary study of two spectra taken by Greenstein at the prime
focus of the 200-inch telescope (N 1965 and N 1702, dispersion 180 A/rnrn}
has already been published {Greenstein, 1962), Comet Humason was
2.6 A, U, distant from the sun at the time of these observations. A
higher-dispersion spectruir (P4 6741, 18 fl/mm} mentioned in the paper
just referred to will also be analysed here. This plate is, unfortunately,
underexposed, showing only the major part of the rotational structure
of the (3, 0) and (2, 0) bands of CO’, together with the heads of the (4, 0)
and (1, 0) bands of the same ion, and some patches, just barely detectable,
at the position of the {0, 0} bands of NZ and CN, Nevertheless, we shall
try and derive some information from it concerning the possible fluo-
rescence excitation of CO+, especially since this is the first time these
bands are resolved so much and also the first time one can hope to gain

some insight into the question of the excitation mechanism reaponsible
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+ .
for the CO emissions.

The Excitation of the Comet-Tail Bands

The list of wavelengths in the (3, 0} and (2, 0) bands of CO+
measured both on Pd 674] itself and on tracings of this plate made st
different positions along the spectral lines is presented in table 8.

The second column of this table gives intensity estimates, while the
third containg the identifications, for which the notations used conform
to those of Rao (1950) and are indicated in the energy-level diagram

for the A ZH - X 2

=t transition reproduced in figure 12. The latter
will be useful when we consider the fluorescence processes, From
table 8 we see that the rotational lines of a given branch are seen out
to about K =6 or 7. (The individual rotational lines are labelled
with the rotational guantum number K, equal to K", indicated between
parentheses in table 8.) On a normally exposed plate we should, of
course, expect the intensity distribution to extend farther; from the
observed shapes of the bands on intensity tracings of the lower disper-
sion plates N 1695 and N 1702 it appcars that the last line corresponds
to a K-value around 10.

It seems interesting to make a comparison between CO+ and
CN here. These two systems are quite similar in some respects,
They have the same electronic configurations, and, in particular, the
same type of electronic ground state, ZE+. They represent a situ-
ation which is intermediate between the case of the hydrides CH, NH
and OH on the one hand, and the homonuclear malecule CI2 on the

other hand. There is a gradual increase of symmetry {rom the highly
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Table B, Rotational structure of comet-tail bands in the
spectrum of Comet Humason (196le)

a. (3,0) band

A 1 Identifications
3997, 70 In R, Head 97.69 (3); 97.45 (4), (5)

99. 84 b R2 Head 99. 71 (2), (3); 99. 89 (4); 4000.19 {(5)?
4000, 91 3 00. 63 R2 {6); 00,95 QZ {(2)

01,65 2 0l.61 Q, (3)

02,50 2 02,42(32(4)

03. 38 Z 3. 534 QZ (5)

04. 33 2n 04. 42 Q, (6)

05, 54 2 05,63 Q2(7)

17.95 2 R1 Head 17. 78 (4), (5); 17.89 (3); 17.98 (6);

18.17 (2)

18.69 In I8, 60 R1 (1)

19.91 6 19.81 Ql (1); 19. 86 (2); 20.07 (3);

21,00 2 20,94 Q, (5)

21,73 2 21. 74 P, (3); 21,60 Q (6)

22,58 2 22,62 P1 {4}

23,58 2 23,61 P3 {5}



)N
4248, 95
49.65

51.73

53,04
53.80
54.63
55.67
56.66
58. 24
72.75
73.61
74.49
75,95
76. 66

77. 54

In

Zn

2N

- 73—
Table 8. Continued

b, (2,0) band

identificatiaons

R,, Head 48, 93 {3}, (6); 49,02 (4); 49. 26 (3)?

21

49,67 R 2)

21(

R, Head 51.63 (2}, (3); 51,78 (1), {4);
52.10 {5)?

53.05 Q, {2); 53.16 R, (7)
53. 78 Q, (3)

54,65 QZ (4)

55,67 QZ (5}

56, 84 QZ {6}

58.16 Q, (7)

R, Head 72.97 (1}; 72.47 (2)
73. 64 R, (0)

74, 38 Ql {1); 74.42 (2); 74.62 (3)
5. 80 Pl {2); 76.23 Ql {6)
76,56 P, (3)

77.50 P, (4)
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asymmetrical hydrides, to the slightly asymmetrical CN and CO"'L,' to
the completely symmetrical C,. The hydrides arc characterized by
large rotatlon lransition probabilities; thus the bands of these radicals
are limited to their very first members (e.g. to K =2 or 3, fora
heliocentric distance of 1 A. U.) in cometary spectra. On the contrary,
CZ is able to retain much of the rotational energy acquired in the ab-
sorption processes owing to the absence of a permanent electric dipole;
as a result, the Swan bands are remarkably well developed in the light
uf comets (typically up to K-values of the order of 50, for r =1 A, U. ),
As far as CN is concerned the last lines observed when the comet is
near ! A, U, correspond to K-values from 20 to 25. As already men-
tioned, no high-resolution cometary spectrum showing CO+ had been
éecured before Greenstein's recent observations of Comet Humason,
However, from the widths of the bands observed at low dispersion one
can infer that CO+ has, indeed, a behavior similar to that of CN as

far as KI is concerned. Furthermore, we have theoretical reasons
to believe that such is the casc. It is true that there exists an appreci-
able difference between CXN and CO+, namely that the spacing between
the eclectronic states (X 2'E+, A ZII, B 22+) is roughly twice as large
in CO+ as in CN,* with the result that the band systems which are
prominent in the photographic or visual regions of the spectrum cor-

2 A

respond to different transitions for these two molecules (B ' - X°%

.l_
for CN; A ZII - X ZZ for CO+)° However, although this circumstance

* s . :
This fact is, of course, a consequence of the larger effective nuclear
charge in the case of CO™.



-76-

has important consequences with regard to the treatment of the fluo-
rescence mechanism as we shall see later on, it can be seen that it

is not likely to be of importance here. Indeed, althongh the comet-tail
system extends over a larger wavelength range than the violet system,
it can be assumed that the intensity of the solar light is of the same
order for both systems at a given heliocentric distance and that conse-
quently, the essential factor governing the rate of absorption is the
"strength" or the f-value of the system. * It is shown in Appendix C, b
that the lifctimes against absorption in the comet-tail system and in
the violet system difier by a factor of about 3. Considering, on the
other hand, the pure rotation transition rates, we can conclude that
these are likely to be similar for the ground states of CO+ and CN,
in the same way as they are very nearly equal for CH, NH, and OH
(Hunaerts, 1959b) as well as for OH+. Now our calculations indicatc

that, at r = 2,6 A, T,, K, is near 12 for CN (cf. Appendix A). Allowing

£

for the difference in T between the ground states of CN and co’

bs
we then find that K, should be roughly equal to 9, which is to be com-~
pared with the observed value of about 10, This provides a theoretical
confirmation for the similarity between the comet-tail system and the
violet system suggested by the observations., Had we taken f(CO+) =
0.002, the value which is usuzlly guoted {Grudzinska, 1960; Wurm,
1961), we should have predicted a value of 5 or € for K£, which is

definitely too small.

*See Appendix C,b for a precise definition of what is to be understood
here by the "f-value” of a molecular band system.
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In contrast with the gencral parallelism between CN and CO+
that we have just indicated, there exists an important difference be-
tween the violet system and the comet-tail bands as far as the arrays
of relative vibrational transition probabilitics associated with these
two molecular systems are concerned. This difference, which is, of
course, connected with the fact that the systems under consideration do
not correspond to similar electronic transitions, in turn produces con-
siderable diffcrences in the details of the fluorcscence excitation, as
will presently appear. In the ideal case of a band system possessing
an infinitely narrow principal Condon parabola (see figure 13(z)} ) the
fact that a band (v',v") with v'# 0 1is observed with appreciable inten-
sity in the cometary spectrum can be interpreted as indicating that the

lower level w" = ¢!

in the ground state of the molecule is populated
in some appreciable way under the steady-state concitions assumed
to be achieved. Indeced, the upper level v' can be fed virtually only

" = +'), since the vibhrational transition proba-

hy the transition (v', v
bilities are very low for transitions outside the principal diagonal of the
P 1,1 arrays In this case the transition (v', v" = v') itself will cer-
tainly be strong in the comet's spectrum. The CN violet system pro-
vides a typical example for such a situation. For instance, if (1, 0)

and mainly (1,1} were relatively strong, * we could infer that level

vl' =1 would be appreciably populated. The situation is very different

when the main Condon parabola is very wide as in the case of the

%
Qr more precisely, if, for example, 111/100 were appreciably larger
than = 0,10, which is the maximum value corresponding to negligible
population of v" =1 - vide infra.
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comet-tail system of CO+ (see figure 13(b} }. Here over a large range
of v'-values {from v' =1 up to 5 or 6 in the comet-tail system) the
Presence in the cometary spectrum of a transition falling outside the
Condon parabola {as, for instance, {3, 2)) does not, in general, allow
us to conclude at once that the corresponding v"-level has a non-
negligible population., This is due to the fact that, for these values of
v', the population NV, is achieved in a fluorescence process essen-
tially, or at least to a very large extent, by transitions {v',0) origi-
nating in the very lowest vibrational level. In this case it is not until
we have studied the fluorescence mechanism in detail that we are able
to draw any conclusion as to the relative populations of the vibrational
levels in the ground elecironic state. We shall come back to these
considerations later on,

In order to study some possible effects of the resonance-fluo-
rescence mechanism on the intensities of individual rotational lines
it is, of course, necessary to have some knowledge zbout the relative
populations of the vibrational levels in the lower electronic state of the
comet-tail system, as this will determine the number of transitions to
be included when the population of a given upper level is evaluated. A
possible way to tackie this problem obviously consists in assuming
various relative populations, Nv“' in the ground state {(for instance, a
Boltzmann distribution!), calculating the corresponding sets of theoreti-
cal intensities and then choosing the best set of values for Nv" from a
comparison of the predicted intensities with the observed ones., Instead

of using such a method -- in which, in a sense, onec "does not play the
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game fully" -- it scems more justitied to follow a procedure which
adopts the resonance-fluorescence excitation mechanism as a working
hypothesis and to keep to it throughout, computing the relative popula-
tions of the vibrational levels in the lower and upper electronic states,
and thus also the relative intensities of the vibrational bands directly
from a solution of the appropriate steady-state cquations and concluding
in favor of or against the fluorescence mechanism according as these
computed intcnsities agree with the cbserved ones or not,

Before involving ourselves in rather lengthy computations, how-
ever, it may be worthwhile to look for a possible simplified method
which would make use of readily derivable or measurable quantities.
Thus, for example, let us assume that we introduce in the formula
giving the intensity (more precisely, the rate of emission per cm3 per

sec) of a band (v', v"):
Ivrvn = erAvlvnh“'van (27)

the expression for NV. derived from the stecady-state questions:

Z NV HCVTV.I!

N , = = : (28)

where Av.v., and CV,V,, are the transition rates given by equations 7
and 9 respectively {see alsc table 9 below), and where we have lumped
together all the rotational lines of a band, as we shall use the low-

dispersion plates N1695 and N1702 for the intensity estimates, We sece

" and N

that, for instance, we can hope to obtain the populations N1 >



-8]1-

relative to N('; e.g. (or x N"/N" and x “N"/T\J") from the deter-

mination of two intensity ratios such as:

‘ﬂ.
A
" n 1 T
el vy Loren Coro T Com¥ €% Apin 4 vy
1 i 1 Y] Y1 171 v
(lvlr)-li‘!lzclo C‘ll_:‘]l_I C’lz—)‘c_g. ) Allf (Zq}
VarVal VoV, V2 V2 V2 ZAVI'V" Vava
V"

for which vl' # v'z, provided we assume that the lower vibrational levels
are populated only up to v" = 2. Should it appear necessary to include
terms in xg as well, we should, of course, only have to consider a

third intensity ratio and thus to solve a system of threce linear ecquations
in three unknowns. Such a method would be especially valuable if it
turned ocut that an approximate knowledge of the intensity ratios suif-

ficed for a fairly accurate determination of the x's, for this would
probably make all the work involved in intensity calibrations unnecessary.
Unfortunately such is not the case, as the following unfruitful attempts

will reveal:

(2} Using (2,0), (3,0}, (4,0)

Trying to solve the corresponding equations for xl" and xg~ we
find that such a solution is very sensitive to the value of (4, 0)/(3, 0).
For instance, when this varies from 0.7 to 0.8 the values of x; and
xg change by a factor of 2 to 3, depending on the valuc of (2,0)/(3,0).
When the latter is equal to 1 a change of (4, 0) /{3, 0} by some 25% pro-
duces a change in x:'L'; by almost one order of magnitude, Since it is
impossible to reach the necessary degrec of accuracy in the determina-

tion of relative intensities, we have to look for a more suitable combi-

nation of band intensities.
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(b) (4,0), {5,0), {6,1)

The advantage of this combination comes from the fact that it
does not involve xg at all because Cv'3 is virtually zero for v' = 4,
5 and 6, so that we are certain that we can include only two unknowns
in this case (xg could possibly be determined separately)., However,
it can be shown that 2 physically acceptable solution, namely one that

vields poasitive valucs for xl" and x!, exists only in a short interval

2’
of values of (5,0)/(6,1), i.e. from 3.35 to 3.44, Now when this ratio
varies by only 3% over this interval from end to e¢nd, xl" goes from O
to 0! Needless to say that this choice of band intensities is again

hopeless.

{c) (1,9), {2,1), {3,1), (4,2}

This combination would lead to the determination Xy X’Z' and

xg. It is interesting because the bands involved extend over a rather
short wavelength interval, which tends to reduce the uncertainties
associated with plale sensitivity and atmosphe ric cxtinction, A slight
difficulty arises from the fact that the longward component of (4, 2}

(R1 and Ql branches) coincide with the shortward component of (1, Q)
(RZ and Q2 branches), but this can be overcome il we notice that (4, 2)
must have the same (R1 + Ql)/(Rz + QZ) ratio as {4,0). Nevertheless,
{4, 2) was finally abandoned becausec the observed ratic (4, 2)/(4, 0) was
found to be appreciably different from its theoretical value
(A42?\.40)/(A40?\.42}. Substitution of (6,1) or (5, 0) was tried but the same
problem of the very high sensitiveness of the solution to the values of the

intensity ratios was encountered once again,
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In view of the definite lack of success of the methed outlined
above, which would otherwise have been very simple, we now turn to
the solution of the complete fluorescence problem in which, be it
repeated, we regard each vibrationzal band {(doublet) as a whole. The
steady-state equation for vibrational levels in the upper electronic
state is expressed in equation 28, As for vibrational levels of the
lower electronic state the equation contains additional terrns because
we have to consider pure vibration radiative transitions, in much the
same way as we had to consider pure rotation transitions when studying
the resonance~flugrescence in the hyperfine rotational structure of the

CN violet band:

an (Z CV1V|| + DV", V"—l) = Nvt|+1Dth+1, v + Z NVIAVIVII ’ (30)
V‘ V'

where DV" ot is the rate of the pure vibration transitions V- v¥ - 1,
3

-1
The final solution will be the result of the competition betwecen absorptions
and pure vibration transitions. The relative importance of the latter

with respect to the former is not known a priori. It is clear, from

what has been said previously about the array of vibrational transition

probabilities for the comet-tail bands, that it is not possible to deter-

mine the ratio Dv" v-1 /Z Cv'v" in a manner similar to that in which
L
1
v

one obtains the relative importance of pure rotation transitions (using
the last observed rotational line), Consequently, the procedurc will be
to carry out the computations for various values of this ratio and to
discriminate the best value from its ability to reproduce the observa-

tions satisfactorily. The dependence of Dv" on v" can be

,vi-1
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computed by using the wave functions for vibrations described by a
Morse potential {sce Appendix C, a). Furthermore, the selection rule
Av'" =1 used in equation 30 can be shown to hold in a good approxima-
tion. Since we are interested in the relative populations X u and
Y, (here normalized in such a way that X, =¥, =1), we can neglect

all the physical constants and thus replace the absolute coefficients

Ava,,; Bv,v,,; Cv.v,,; DV,,'V,,_1 by the corresponding relative quantities
3 2
avlvlf i pvlvn/)\vlvlr; bv,rvn = Pern; CV'V" = pvrvn TIVrVu()\- F}‘.)V'V" H

) ‘The transition probabilities Py include the dependence

vivi'-1°
of the electronic transition moment on the internuclear distance as
they should (Robinson and Nicholls, 1960)}. It is also important to
'note that the coefficients C tyn DOW themsclves contain the effect of
the Fraunhofer lines in the factor Nt (cf. chapter II for thc case
of CN where the rotational lines were considered individuaily and the
effect of the solar absorption lines was separated from cv'v" and
represented by xk). This factor Mttt whkich is thus intended to
represent the overall effect of the solar absorptions over the whole
band (v', v"}, could be called the "mean Fraunhofer wcakcning coef-
ficient" for this band, It secms natural to evaluate this coefficient by

taking the average of the residual intensities r, corresponding to

A
the individual lines of the band weighted according to the strengths of

these lires and the relative populations of the levels in which they

originate, Thus we write:
(1) (2)
T]V'V" + Nty
Mo~ 7 ) (31)

where



n 5 (1)
N 5K
i K
s B (32)
z n i)
NK K
K
with
(i) _ y (1) _ e gl
SK"_J SJl—K+2 (33)
R,P, 0
and
s - Z J o(i)
SK = I)LSJ' (34)
R,P,Q
The symbol represents a summation over the six braanches in-

R,PQ
cluded in one component of the doublet, while the superscript (i)

designates the component that is considered. Thus, for example, for
the lungward compounent of a band we have to include the lines Rl(K),

R ,(K), @(K), Q,(K), P,(K), and P,(K), all of which are issued from
level K (= K"), The strengths of the rotational lines, SJ,, are given
in Appendix G, ¢, The heliocentric radial velocity used in determining
the r)\‘s is g—t-l-: = - 11,0 km/sec, The populations N£'< are, of course,
anknown. However, since qv'v" is only a correction factor and since
we are not directly interested in the details of the intensity distribution
in a band here, but rather in the intensity of a band as a whole, we can
safely assume any reasonable distribution of populations for the rota-
tional levels in the ground clectronic state, the departurc of the adopied
distribution from the true distribution representing only a second order

effect in the prescent context., Thub, we may use a Boltzmann formula
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with a temperature paramcier delermined as fullows. The line
strengths in various branches are fitted by means of formulac of the
form (27 + )™, Then, the "equilibrium temperature" that would
correspond to the observed maximum in the intensity distribution can

be written:

2 o

_ B
T=0.72= (21, +1) K (35)

where JM is the rotatiornal guantum number at which the maximum
occurs. JM has been determined for (1, 3), (2,0) and (3, 0) both from
the low-dispersivn plates and from the high-dispersion plate, leading

to the resulis

T = {120 # 30) °K (36)

On the other hand, the value of the parameter T predicted for CN
at r=2,6 A, U, through formula 23 is equal to 115 °K, Besides, it
is encouraging to note that the calculations based on three different
values for T, namely 70, 90 ané 135 OK, give essentially the same
results for the various n's within a few percent,

Combining equations 28 and 30 we now abtain
1

Xvn Evn = Yvr‘lvrvn {37)

where vé

v Vll, T | (38)
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"
ST
YV'V" = A + Z aV'V" - H (__..Y.XLXE._]-), (39)
vi':v"-l-'l ! V'lf:v"'ﬂ EV;

vi' and VJE being the last levels considered, It is sufficient to include

4 levels in the ground state and 7 levels in the upper electronic state

ws Py and

of the transition. The relevant data concerning aig, vy

C 1, n Aare listed in table 9 together with the mean wavcelengths of the
transitions -}:v'v"' Table 10 gives the values of 1 separately for the
two components of the strongest bands of the comet-tail system., We
shall refer to this latcr, Two methods can be followed in order to deter-
mine the ¥'s. On the one hand, we can make use of the observational

material itself and determine the relative populations of the vibrational

ievels in the upper statc:

I A
vy Pyttt

Vo4 & e {40)

Vv

by measuring the relative intensities of bands corresponding to v' = 0
up to 6. It then suffices to introduce the values obtained for the y's
into equation 37 to derive the x's. Actually, however, as stated
earlier, we do not know the coefficients 6“_,,, wi-1 occurring in equation
3?.l The computations are, accordingly, carried out for five different

valucs of the parameter

3
Z 6VII,VII_1
"20
a4 = V:s G (41)
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Table 9. Relative transition probabilities and
wavelengths of the comet-tail bands

v 0 1 2 3
Vl
4900 5480 6215 7125
0,060 0.133 0,104 0,055
0 0.071 0.219 0, 250 0, 200
0.087 0,321 0.399 0.275
4552 5056 5673 6480
0,199 0. 241 9.059 -
1 0,188 0.312 0.108 -
0.186 0,355 0. 165 -
4260 4697 5229 5878
0.330 0.156 0,003 0.065
2 0,255 0.162 0, 005 0,131
0.176 0.172 0.006 0. 206
4008 4391 4851 5411
0.370 0,025 0.108 0.065
3 0. 238 0.021 0.124 0,103
0,162 0.022 0. 141 0.150
3787 4128 4505
0, 311 0.013 0.184
4 0,169 0.009 0.168
0,073 0.008 0. 159
3592 3598 4222
0. 205 0.091 0. 097 L a:
5 0.095 0.054 0. 073 —ERERT
0,027 0.028 0,054 Mo
v'v
3424 3700 * a g n
0. 100 0. 140 : vy
6 0-040 Oo 071 B oi.n
0.014 0,029 vV
* CV'V"
*av'v" and C Tt contain arbitrary scale factors, The values given
above have been computed by means of:
2
« (NFL) o
i - {P -13 - AMv'y
Attt = ( 3 ) . "X 10 and CVIVII = (Pn)vlvn X S

kv'v" being expressed in cm.
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Table 10, Mean Fraunhoier weakening coefficients of
comet-tail bands

Band ) (2)
(1, 0) 0. &8 0. 89
(2,0) 0.67 0.73
(3, 0) 0. 80 0.78
{4, 0) 0.37 0.73
(5, 0) 0. 70 0.37

Table 11, Reclative intcensitics of cormect-tail bands observed in
the spectrum of Comet Humason (1961e)

Band i Band i

(0, 0) 0.12 (3, 2) 0,25
(1, 0) 0, 6C (4, 0) 0,64
{2, 0) 1,00 (4, 2} 0. 26
(2, 1) 0.43 {5, 0) 0,410
(3,0) 1.16 {6,1) 0,16

Table 12, Relative populations of the vibrational levels of
the ground electronic state of COT (xv,,)

a v 0 1 2 3

0 1,00 0,354 0, 224 0, 144
0.1 1,00 0. 338 0.214 0,130
1,0 1,00 0. 240 G.142 0,065
10.0 1.00 0,055 0,028 0.009

o) 1.00 0.000 0.000 0. 000
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expressing the ratio of the sum of the rates for pure vibration transi-
tions to the sum of the absorption rates. The best value for q is
determined by requiring the introduction of the computed x's into:
< |
Yt * Z aV'V" = L Xvﬂcvlv.ll' (42)

V" V"

to reproduce as well as possible the starting values adopted for the
y's in agreement with the observations. The second method consists

in eliminating Vo from equations 37 and 42 to obtain

Z xvn ﬁv"v" - XV" eV" =0 (Vil =0,1,2,3), (43)
f 1 1 1
'
where
' S“ Cvrvn 7
ﬁvjlvn :._J [V . ’Yvrvlu _J {44)
v! -Z a_t..n
vy

Taking 3 of the 4 equations represented by 43 and remembering that

X, = 1 we are led to solve a system of three linear equations in three
unknowns X0 Xy, X3 Relation 42 can then be used as previously to
derive the y's, We shall follow the first scheme to begin with and then
use the second method as a check.

The first method leads us into the problem of the calibration of
the photographic plates (N 1695 and N 1702}, The relative intensities
have been determined in three independent ways using three different
reference stars, LDS 785A, AP Scr and the sun, whose spectral energy
distributions are fairly well known. LDS 785A is a DB white-dwar{

which has a negligible Baimer jump. Thus, its energy distribution can
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be well represented by that of a black body at & temperature detexr-
mined by using the relation between color index B-V and tempecrature
for black bedics ‘(Arp, 1961; Weidemann, 1963). The B-V color of

LDS 785A itsclf is not known, but the BD white dwarfs for which colors
have been determined accurately fall in a rather narrow B-V interval

(- 0.14, - 0,05} (Greenstecin, 1958), Accordingly, a value of - 0,10
 was adopted for LDS 785A and a temperature of 17, 000 °K was deduced.
This will be justified a posteriori by the agreement of the results ob-
taincd from the use of this star with the other results. AP Ser is a
subdwarf whose colors (B - V =+ 0,60, U- B =+ 0.01) kindly com-
municated to me by Dr, Eggen, indicate that it is very similar to the

GG subdwarf B Com. Thus, the encrgy distribution of the latter star
(Mclbourne, 1959) was adopted for AP Ser. The intensities of the most
important bands of the comet-tail system derived by these first two
determinations agree very well (within 10 to 15 %) with each other and
are given in table 11, These intensities can also be e¢valuated by using
the continuous comectary spectrum whose energy distribution is assumed
to be identical with that of the sun. The ;'esults ubtained in this way
agree with the values given in table 11 within the same limits. This
shows that the continuous spectrum is indeed a pure reflection continuum.
We shall make use of this resull later on., Finally, the star Giclas 6723
(DA white dwarf), which was also observed in the same conditions as
the comet, could not be used directly to czlibrate the comet plates
because ils colors were not known, However, the calibration obtained

by means of the other stars was used to predict the colors of this white
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dwarf., These predicted colors (B - V=+0.15, U-B = - G, 75) were
confirmed very recently by Eggen in a private communication
(B-V=+0.19, U-B ==0,69), which shows once again that the
relative intensities contained in table 11 are quite reliable. The
relative populations of the vibrationzl levels in the A ZH state derived
from the relative intensitics appear in the seventh colum of table 13
below,

We are now in a position to resurne our semi-theoretical calcu-
lations of the re ative populaticns of the vidrational levels in the ground
electronic state by the first mcthod ocutlined above. Table 12 contains
the numerical results corresponding to the following values of the
parameter q defined previousiy: 0, 0.1, 1,0, 10,0, oo, which, itis
hoped, will eventually help us dcterminc whether the pure vibration
transgition rates are appreciably smaller than, about cqual to, or much
stronger than the absorption rates. As cxpected, the x-distribution is
quite different according to the relative importance of the radiative
vibrational de-excitations in the ground state. The relative popula-
tions Y predicted by each of these x-distributions are given in
tahle 13 (columns 2 to 6). Column 7 of thic table containe the Yot ob-
served in the spectrum of Comet Humason (196le), while the last column
gives the corresponding values for laboratory conditions for comparison.
We notice at once the agreement between column 5 and 6 on the one
hand, and column 7 on the other hand, indicating that the vibration
transitions are strong compared to the absorptions of solar light. The
relative populations of the uppermost vibrational levels are very insensi-

tive to the value of q but those of the lower ones do depenad on the relative



Table 13,

v
g=0
0 1,92
1 1.42
2 1. 00
3 0. 87
4 0. 49
5 0. 28
6 0.22

.._93_

of the electronic state A ZI'I af CO+

Computed
0.1 1.0
1.88 1.53
1.45 1.42
1.00 1.00
0.86 0.85
0.50 0.48
0.28 0.26
0.23 0. 24

i«
Probable errors,

10.0
0. 93
1. 21
1.00
g. 91

0.47

i.15

Relative populations of the vibrational levels

Observed
Comet Laboratory
0.80i0.25* 0. 87
1.07 £ 0,11 0. 97
1. 00 1,00
0.97 £ 0,05 0,68
0.55 0,08 0.45
0.38 :tO.O'?T 0,37
0,32 % 0.08¢ 0. 29

Ty% has been corrected for the presence of bands of N; and of OH+

which are blended with the (5,0} band of the comet tail system.

iThe agreement between observed and theoretical values {q 2 10) is

not so good for the large values of +'.

This is probably due to the

lower accuracy of the intensities of the corresponding bands, which
fall in a region where the plate sensitivity is already appreciably

reduced, as well as to the cccurrence of the blends. In the
v' = 6 another uncertainty arises from the fact that no rotational

analysis of bands issued from this level is available,

and Ng; are rough estimates,

case cof

so that 60
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importance of the pure vibration transitions, i.e. on the xv,.-distri—

bution., In particular y'o and yi become large as scon as x" and/or

1
xg‘ arc non-negligible because the (0,1), (0, 2), (1,1), and (1, 2) transi-
tions have large relative probabilities. The second, purely theoretical
method mentioned earlier has also been applied and the xv,,—distribu-
tions, and hence the yv,—distributions, derived are esscntizally the
same as the ones obtained by the first method, which corroborates
the result that q is large for CO+.,*

Going back to the comparison between CO+ ané CN, we note
incidentally here that the pure vibration de-excitation is important in
the ground state of CN too, In order to show this, two opposite,
extreme cases can be treated in which q is either negligible or very
large and in which two vibrational levels are considered in each of the
B ZZ+ and X ZZ+ states of CN. It j& found that for very small g

the intensity ratio 111/100 of the (1,1) and (0, 0) bands of the violet

system tends towards:

>}:It is clear that q cannot be determined accurately by the present
analysis, The only conclusion that can be drawn is that gq is greater
than about 10, However, from the similarity between the molecular
characteristics of the ground states of CTO and CO" we may expect
the variations of the electric dipole moments of these two molecules
with internuclear dlstancc to be similar (the electri¢ dipole moments
pl{r,} of €O and CO' are indeed about equal -- see Kopelman and
Klemperer (1962): p = 0,10 Debye). Then, assuming the dipole moment
to be linear in the region where the wave-functions are appreciably
different from zero, we can show that g 1is prohably of the order of
several thousands (cf, Matheson {1932): the vibrational transition rate
Djg = 56 sec -1 for CO). This should be regarded as a conﬂrmatmn
of our finding, from the study of the fluorescence of CO*' in Comet
Humason {196le), that q is large.
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while for large 'q it approaches the value:

P11P1o

z
Poo

= 0,07 .

Since the observed intensity ratio (1,1)/(0,0) is always < 0.1, we con-
clude that the pure vibration transitions v"=1—++" =0 in CN arc
strong compared with the absorption rates CV'V" in a comet at the
usual heliocentric distances. We may expect intensity ratios like
(1,1}/(0,0) in the CN wviclet system or (0,0)/(2,0) and (1, 0)/(2,0)

in the comet-tail system to be higher in comets observed at 0. 5 A, U,
than in comets obscrved at 2.5 A, U, e. g,

In addition to the very satisfactory agreement between the
bbaerved values for Y and those predicted under the assumption of
fluorescent excitation, there. is a number of features observed in the
spectrum of Comet Humason which definitely speak in favor of a
fluorescence mechanism. In the first place we draw the attention to
the striking differences in intensities between the two components of
the comet-tail bands (5,0}, (4,0), (3,0) for instance (a reproduction
of N 1695 and N 1702 appears in the paper by Greenstein (1962) }. The
shortwarc component of (5,0} is weaker than its longward component,
the opposite is the case for (4,0}, while the two components of (3, 0),
(2,0) and (1, 0} have more nearly equal strengths. This can be readily

{1)

understood if we reier to table 10 where the relevant values of n and

ﬂ{Z} arc given, Thus, it appears that the relative intensitics of the
components of the various bands arc strongly correlated with the cox-

responding relative amounts of energy awailable in the solar radiation
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te excite them. On the cther hand, the splitting between the two com-
ponents of the A 2]‘1 state represents such a small ernergy difference
that a collisional excitation could not be expected to produce such
cffects on the relative intensities of the twa components of the band.
It is also worthwhile mentioning that the observed relative intensities
of the bands of the comet-tail system could not have been reproduced
if we had evaluated the intensity of the sunlight simply by taking F;\
as given by a sclar spectral energy curve which takes account of the
Fraunhofer lines by averaging their effect in a certain number of
bandpasses. In other words, the effect of the solar absorption lines
has to be ailowed.for according to the exact way ir which these lines
occur in the fluorescence processes. This means, for instance, that

n will be a function of r and A conspicuous example is provided

dr
dt *
by the intensity of {3, 0} relative to that of (2,0}: the fact that (3, 0) is
relatively much stronger in the cometary spectra than in the laboratory
source could not have been accounted for if we had not introduced the
factor M. A large intensity ratic (3,0)/(2,0) was observed in carlier
comets, In particular, this ratio was even larger in Comet Bester
(1947k) (Swinga and Page, 1950) than in Comet Humason {196le). Con-
gidering the differences in heliocentric distance and heliocentric radial

velocity between these two comets at their respective dates of observation,

it can be seen, using the Atlas of the Solar Spectrum again, that nw/‘n 20

was indeed larger in Comet Bester than in Comet Humason.
A final confirmation of the fluorescent character of the excitation
mechanism responsible for the CO emission is obtained when one exam-

ines the details of the rotational structure of the (2, 0) and (3, 0} bands
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as shown by the high-dispersion plate Pd 674l. Examples of wecakened
and unweakened lines can be found which correspond to smaller or
larger values of the relevant r)\'s. Having cstablished previously

that x_n is negligible for v"=1 we can safely consider only transi-
tions in the (v',0) band., On the other hand, the manner in which the
various branches should be associated can be derived by inspection of
figure 12 and is outlired in table 14 where the first column contains the
designation of the upper level one is concerned with in the different
cases. It is easier to work with K (= K"} rather than with J because,
to a single value of K there corrcspond two different values of T *n the
and Q

case of blended branches such 2s R or Ql and R

p 21° 12°

Table 14, The various branches of & band in the GO+
comet-tail system grouped according to the kind of
upper level which they correspond to
Upper level Branches
RS Loy* : .
2 3 J=K L) R, (K), Q, (K); P, (K +2)
1 4 3 . K+
> J' = K +-é—(:l:} RZI(K)’ Qz (K + 2}, PZI(K -2)
1
1 - > .
2_ ; J' =K+ 2(i) Ql(K). R, (K).PIZ (K + 2)
3 i 3
= = - (£ . .
> J K+2( ) R1 (K); P1 (K + 2), Q'zz (K + 2)

ES
The upper sign is to be taken when K is odd.
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Table 15 provides a few examples of rotational lines that are affected

by solar absorptions {a) or not (k). The last column gives the gquantity:

Z SKTy

Tkz »

/. Sk

where the summation has to be carried out over the threc relevant
branches. This quantity represcnts the relative amount of radiation
capable of eXxciting the line under consideration when we neglect the

: anee he ] ] ™
difference between NK and NK+2 .
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Table 15. Resonance-fluorescence effects in the (2, 0) band
of the comet-tail system in Comet Humason (196le)

Lines A T
exce 1N

a. Weakened lines

Q, (3) 4274, 78 0. 55

Ql (5) 75, 68 0. 50

R, (0) 73. 79 0. 48
[ Ry (4)} 72. 10 0. 62

R (5)

Q, (1) 52, 63 0. 62
{Qz (3) 53.93

R, (1) 50. 38 0. 50

b, Unweakened lines

Q (&) 4276, 38 0. 91
{ Ry (1) 73.13
0. 85
P, (3) 76,72 _
R, (1 1.94
{ 2 (1) >1.9 0.92
P, (3) 55, 53
R, (2) 51, 75
{ 2 0, 86
P, {4) 56. 77
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Part Two

PHYSICAL PROPERTIES OF COMETS.

CHEMICAL COMPOSITION OF THE COMETARY GAS,
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Chapter IV

CRITICAL STUDY OF SOME CHARACTERISTICS
OCF COMET HEADS AND TAILS

In this last chapter 1 wish to present a critical ciscussion of
physical and chemical properties of comets, This discussgion is not
intended to be complete, Very recent review articles by distinguished
specialists in the ficld of cometary physics (Wurm, 1963; Biermann
and Lust, 1963) contain someo detailed descriptioné of the observations
and of the phenomena invelved. Accordingly, no systematic account
of all the aspects of the physics of comets is given in the following
sections. Rather, a few topics have been selected which seem to be
particularly important or which will require further study; these are
concerned with the models of comae* and tails {(forms, brightness
distributions, motions), the problem of ionization, the determination
of abundances. Some new results derived from a study of the spectra
of Comet Humason (196le} and concerning the distribution of particles

and the zbundances of some molecules are also inclurded.

i. The Comae

a. Simple Models

The simplest models of cometary atmaspheres have already been
described briefly in chapter IT in connection with the study of the Green-

stein effect in the spectrum of Comet Scki-Lines: the isotropic expansion

“The term "coma” designates the atmosphere (gas or dust) surrounding
the nucleus, while the word "head" is usually intended to describe the
nucleus and the coma, as well as the various formations often present
in the neighborhood of the nucleus.
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modcl {IEM) and the fountain model (FM)* whicli have been skeltched
in figure 8 (p. 48).

The motions of the particles are, of course, entirely different
in these two models. I'M is probably more realistic than IEM, Indeed,
we know that a momentum transfer mechanism does exist which cer-
tainly affects the com stary molecules, namely that of the radiation
prcssure due to sunlight. Ilow strong is it, and how effective? A
molecule absorbing a quantum hv receives a momentum -}-151{- y 1. e,
its velocity component in the direction away from the sun is increased

hv

by an amount m <’ Ty being the rnass of the neutral molecule. This is

of the order of 5 cm/sec for CN and C2 (absorbing in the photographic
and visual regions). Since these molecules absorb a quantumn every
tenth second or so when the comel is 1 A, U, distant from the sun, the
corresponding acceleration is of the crder of 0,5 cm/seczn That FM
offers a better description than IEM comes from the fact that, as long
as the velocities are of the urder of 1 xm/sec, the molecules travel a
distance of about 10 km in the interval separating two successive ab-
sorptions, The corresponding angular distance as seen from the carth
is generally well below the resolving power of the usual instruments,
IEM would be more adequate, for instance, if the characteristic time
for absorption were 105 sec, or if destructive collisions were more
[requeni than the absorptions.,

The Apparent Shape of the Coma of a Comet

In figurc 8 the boundary of the image of the coma has been tzken

to be a circumierence centered 6n the nucleus (only approximatety so in

*
This model is a spécial case of the Bessel-Bredichin theory which is
outlined e. g. in Wurm's article mentioned above.
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the case of FM), in agreement wilh the observations. As far as IEM
is concerned, this apparent boundary is determinec either by the distance
v,T travelled by the particles in a time equal to their mean life 7, or
by the distance R1 at which the brightness (which, of course, decreascs
outward) is equal to the limit of sensitivity of the detector used. The
latter distance is usually the shorter and hence is equal to the apparent
radius. It is obvious lthat, by reasoun ol symmelry, the boundary of
IZM as well as its isophotes will always be circular.

The situation ' is not so simple for FM, In that case the locus
al lime t of the particles emitted at time L = 0 in all the directions
contained in 2 plane going through the radius vectar from the sun
i.s a circumference whose radius equals vot and whose center moves
with velocity gt along the axis of the parabolic envelope away from
the sun, On the other hand, the isophotes are circumferences centered
on the nuclcus, as we shall sec. Thus, the observed contour of the
coma will be circular if the sensitivity is not particularly high.
This is generally the case. However, it might be made of a section
of the parabolic envelope {(which is the envelope of the loci of the
particles at time t as well as of the trajectories) and of a portion
of the circumference which would be cither the isophote corresponding
to the limit of sensitivity, or the circumference reached by the
molecules at a time equal to their lifetil_ne T. Thus, by using a
kighly sensitive material or by making the exposure long cnough,
in "monochromatic™ light isolating the emission of a given
molecute, one might hope to derive some information concerning the

lifetime of that molecule., Reference to figure 14{a) shows that in
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principle one should be able to estimate the three gquantities Ve &

and T by measuring three geometrical parameters (A = vi/Zg,

B = lz gr’, C = v 7). This would be very valuable, for it might furnish

some clue as to the process or processes by which the miolecules are

cestroyed. One should try and carry out such observations. This may

turn out to be very difficult, if not impossible, owing to the presence

of the sky background, as Wurm {1963) hags pointed out. The cornets

for which elongated monochromatic images will be most easily observed

are those which are characterized by high densitics, small Vg or large

g, or by a combination of these. It should be noticed that these clongated

images arc wider on the side opposite to the sun than on the sunward

side {see figure 14 (a) ). Elongated isophotes in which the reverse is

the case (slightly narrower on the tailward side; see figure 14 (b} ) have

been observed by Miller (1957} in Camet 1955g. These may be con-

nected with the existence of a dispersion of ejection velocities (cf. infra).
When the observed contour of the coma is circular we can derive

only lowelr limits for Vo and 7. For example, in the case of Comet

1942g the emission in the CN violet band was observed up to a distance

of the order of 106 km and the isophotes as well as the boundary were

circular (Vorontsov-Velyaminov, 1960). Since g =10.5 cm/sec2 for

r=1A,T,, we have

‘Rl being the radius of the contour. With r =1.45 A.U. ana R1= 106

km wc obtain:

voz 2 km/sec (44)
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Thern, the inequality voT » Rl gives

‘TCNZ 5 X 105 se * (45)

The Distribution of Particles

In the case of IEM it is clear that the particle density per cm3,
n(R), decreases as the inverse squarec power of the distance R from
the nucleus. As for FM, thc formula for n was given by Eddington
(1910) and will not be repeated here. We shall be more interested in
knowing the integrated number of particles along a line of sight, N(p),
as a function of the projected distance p. The surface brightness
S{p) on the isophote of radius p will be proportional to Nip} pro-
vided that the atmosphere is opticaily thin,

et as first consider IEM, for which it is obvious that the
isophotes are circular. If there is no appreciable particle decay over
a distance R2 large compavred with the radius Ry oi the observed
image (Rz 210 Rl)’ the inverse square law being valid over that dis-
tance, the coma may be considered as extending to infinity and it is

found by integration that

'rrnoRf;
N{p) = 5 (46)
and that
N(O) = nORO‘ (47)

RO being the radius of the nucleus and n, heing aequal to n(RO). If,

on the other hand, Rl < R2 < 10 R1 and if n{R) 1is taken egual to zero

*

Wurm (1963) has found a higher value for the lower limit of TCN because
he has acdopted for v, the same value (1 km/sec) as that obséTved for
Halley's comet.
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for R = R_, equation 46 has to be replaced b
>» eq P ¥

2
2n R R z
_ o0 -1 2 .
N(p) = B— tan V(wp ) 1, (48}

while equation 47 is still very nearly valid, [t is also interesting to
evaluate the total number N of particles present in the cometary atmos-
phere. If this atmosphere is bounded by a sphere of radius RZ as

above, the total number is given by
= 4mm_R°R {49}
oo 2’

since R, 1s much larger than Ro"

It has been shown that, in the case of FM, the isophotes will
always be circular and centered on the nucleus, whatever the angle
between the line of sight and the axis of the parabolic envelope may be
(see e.g. Wallace and Miller (1958) ). The appropriate integration of

the density n given by Eddington (1910) yields the following result:

™0

o}

Nip) = ;—'E s (50)

O

for isotropic ejection with velocity v, at the rate QO (per scc, per
unit solid angle). We see that equation 50 agrees with equation 46,
gince nDRcz) equals QO/VO. Owing to this agreement and to the ob-
served fact that the cometary images are generally circular, the for-
mulae applying to JEM are quite uscful in practice, in spitc of the in-
adcquacy of this model to represent the true situation,

Comet Humason provides an illustration of the 1/p law, as we

shall see. Since plate N 1702 was well guided, we can hope to derive

2 and

+
some information concerning the spalial distribution of CO , N
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CN. For this purposc "radial profilca" werc secured at the wavclengths
of the (4, 0), {3,0), and (2, 0) bands of the comet-tail systcm, the (0, 0}
band of the first negative system of N;, and the (0, 0} band of the CN
viclet system, This yiclds S{p) or N{p). Any possible "Grecenstcin
effects” on individual rotational lincs would be smeared out, since

we are dealing with unresolved bands here., The results are shown in
figurc 15 where N(p) is exprecssed in arbitrary units different for ecach
molecule., The CN radicals have a distribution which is very close to
the usual 1/p law. The co’ anda N; distributions, which are con-
siderably flatter and extcend over a larger volume, will be deglt with

later on,

b, More Elaborate Models

The simple models we have been concerned with in the preceding
section can be refined in threce different respects. In the first place,
it is possible to allow for the decay of the particles more rigorously
than was done above for the derivation of equation 48. Secondly, one
may consider the effect of a certaln dispersion in t'.he velocity of ejection
around a mean value., Finally, in somc cagcs it is nccessary to take
account of a non-negligible optical thickness in the central regions of

ithe corma,

Partivle Decay

[f the disintegration of the particles can be characterized by a
_ﬁ R
-2 a
e

me an lifetime T the density will be proportional to R = - '

It has been verified that the shallow gradicnt of the ion distributions
cannot be attributed to a large optical thickness effect.
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[30 being equal to (VDTO)-I. Hascr (1957) has given the following for-

mula for N(p) valid in the case of IEM:

2 PR

N(p) = 2n R’c © ° (51)

B(Bup) .

P

B(x} is a decreasing function of x which is very nearly constant and
equal to g tor x £ 0.1 but decreases very rapidly as scon as x is
2 1.0. Thus, equation 51 becomes identical to equation 46 for vory
small ﬁo (i.e. for very large 'TO}. The same is true {or very small

p, which shows that the "1/p law" will always apply in a region whose

-1

). The
o

outer boundary P will be governed by the value of |f30(p‘2 = B
relative distributions corresponding to equations 46 {with a cutof{ at
p= ﬁ;l), 46 and 51 have been plotted in figure 16. They differ appreci-
ably from cach other whon p becomes comparable with B;l. However,
N(p) is already so low when this occurs that equation 49, which is
based on the distribution represented by equation 46, will give a very
good approximation for the total numbcr of particles in any casec.

Haser has also considered a two-component model in which
both parent particles and dissociation or ionization products move
radially with velocities Vo and ] and have mean lifetimes Ts and
T respectively. The formula for the integrated number of daughter
particles involves the difference between B(Bop) and B(ﬁlp) and this
can lead to rather flat distributions when the ratio {31/]30 = VOTO/vlTl
is not too different from unity. Omitting the factors c'SORC' and

R
& 1 O, which are very close to unity, we can write this formula

2r R

O

v, BlBp) - BBp)
N(p) = By o> —2 .

_ ¢
P O1 [31“50

(52)
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Now this model is at lcast as unrealistic as IEM, Even if the parent
molecules have a purely radial motion, the assumption that their dis-
integration products will also move radially is very questionable.
Furthermore, in practice it is hardly possible to measure the relative
surface brightness distribution over a range covering more than about
one order of magnitude in p for a single observation and, accordingly,
it seems that it might always be possible to find a suitable set of values
of the two parameters BO and [31 in order to force the theoretical
distribution lo represent the observations over a relatively short
interval of p. This in itself is not an argument against the two-com-
ponent model, but it means that onc should try and extend the obser-
yations over a range of p as large as possible. For example, surface
brightness distributions in the light of C2 have been determined fox
several comets by Miller (1961). This author concludes that the two-
component model is not able to fit the observations. Using the same
material, O'Dell and Osterbrock (1962) draw the opposite conclusion
and state that in their opinion "the contradiction seems to result largely
from a question of taste"” (sicj] The best fit is obtained, according to
these authors, for 3~ 10 *km™ and = 10™%um L * Actually, it
can be seen from equation 52 that the relative distribution is invariant
with respect to an interchange of ﬁo and [51. Thus, in the case of the
observations just mentioned, in addition to the solution given by O'Dell
5 1

and Osterbrock there cxists a second one, namely f30 210 “km -,

4

Py = 107 km—]. This is another unsatisfactory feature of the two-

component model. Another onc still appears when one compares the

¥z
Note that O'Dell and Osterbrock have interchanged the meanings of the
indices O and 1, while the notation used here agrees with Hascx's,
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values obtained for |3O and B, with the values suggested by other
observations. Wurm (1961) has derived upper and lower limits for

T, and T, Tespectively, which lead to

3.5 -1

B, >1077 %km™, p <1077

-1

Thus, the solution quoted by O'Dell and Osterbrock is the one that is the
leadt in disagreement with the observations. The Tower limit of Bo

is uncertain, but the estimate for the upper limit of f:'il is more re-
liable and agrees with theoretical estimates of the ionization or dis-
sociation probabilities of diatomic molecules fomnd in comets.

We have seen in figure 15 that the distribution of the molecular
ions co’ and N; was remarkably flat in Comet Humason, Any
attempt to {fit the observed distribution by maeans of the two-component
model would be meaningless, for it is definitely certain that the ions

do not move radially. We shall consider a possible interprectation of

the flatness of the distributions of ions in section 2 of this chapter,

Dispersion of Ejection Velocities

If, as is probably the case in the actual situation, the ejected
particles are not monokinetic, the observed surface brightness distri-
bution will he the result of the superposition of the distributions corre- -
sponding to the various values of the velocity Ve Thus, when we are
concerned with IEM, by reasons of symmetry again, the 1/p law will
hold for the resultant distribution since it does for the individual dietri-
butions,

Numerical integrations would be required for the determination

of the form of the isophotes in the case of FM, Howcver, the main
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result can be anticipated by considering the variation of N(p) along
the axis of the parabolic envelope., Since the distribution correspond-
ing to a gi{ren value of v_ follows the 1/p law and since, on thc tail-
ward portion of the axis, all values of v, contribute to N(p), the
latter will be proportional to 1/p, The situation is different on the
sunward side of the nucleus. Therc indeed, although the individual
contributions are still proportional to l/p, for a given value of v, 1O

contribution comes from particles with vo's satisfying the inequality

Ro

Thus, as p increases there are fewer and fewer contributions to

N{p) and as a consequence, N(p) decreases more rapidly than 1/p.
These remarks suggest that we may cxpect the isophotes to be elongated
in the direction of the tail. This is precisely what the detailed compu-
tations carried out by Wallace and Miller {1958) have shown {see

figure 14 (b) ).

If the values of Vs helow a certain minimum Vi 2te not
represented, thc resultant distribution inside the parabola correspond-
ing to v will be the same as if there were no spread of ejection
velociticg, In particular, the ]‘/p law will be vzlid on the sunward

portion of the axis up to a distance equal to v?n/Zg,

Optical Thickness

The foregoing considerations are based on the assumption that
the cometary atmospherec is optically thin in the light of the particular

molecule or atom under study. Owing to the low gaseous densitics
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prevailing in comets this asswnption will be justified in the majority
of cases., However, it may not be valid for a molecule or atom with

a large f-value or, for molecules like CN, C_, in the densest part

2
of the coma near the nucleus, IFrom the above discussion we can sce
that the optical thickness Ty along the line of sight will in general
decrease as 1/p. If Py is the value of p for which 'Ty becomes
equal to 1, the observed surface brightness distribution will be rather

flat for pg P1e P is usually of the order of 103 to 104 km or less,

Actually, we should consider not only the optical thickness T
along the line of sight, but also the optical thickness T along the
radial direction sun~comet. Let us assume for simplicity that this
divection is perpendicular to the line of sight, as indicated in figure
17 {(a) which represents a cross section of the comet in the plane defined
by the sun, the comet, and the earth. We shall assume further that
we are dealing with a two-level atom or molecule. Then, if n'(x,vy)
and n"(x,y) are the densities, at point (x,y), of particles in the upper

and lower levels respectively, the fluorescence is expressed by

n'(x, y)A = n"(x, v;C(x, y), {53)

A and C(x,v) being the emission and the absorption rates respectively.

C{x,vy) can be written

-‘Tx(x, v)
Cix,y) = Cle s {p4)
where C1 is a constant and
.9
TX(X: v} ‘—‘5 n"{€,v)o d§ . [55)

“Q0
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Fig. 17, Optical thickness effects,
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In the last equation ¢ is the cross section for absorption in the transi-
tion considered. On the other hand, since C is always much smaller

than A, we can write

n R
n”(X, Y)z n(x: Y) = 2 2 (56)

=

Under these conditions, T becomes

T {x ) =n RZ * _...._.d_.;.::’......_ (57}
x\ ¥ =R RO 2 2
-0 £° ty

sk
The curves of constant optical depth, T, =Ty s arTe found to be repre-

sented by the following equation

- R
y—ixtan(x), (58)
D
where
2
noRocr
x, = — (59)
T
X
LN R & N
The + sign has to be taken for |y;i>-——é—— , the - signfor |y <= .

These curves are U-shaped, as can be seen in figure 17(a). The

surface brightness along the x-axis is obtained by integration:

too -T {X:Ti}
560 = A8 (T gme Y e (60)

Taking account of equations 53, 54, and 56 we can replace equation 60

by
Cln thv +o ’['TX(X,TI) + 'Ty(x,n)] _
S(X) = -——-—0—2-— g‘ = dn . (61)
dr Z, 2

- x_ +n



-118-

It will be recognized that even for the rather simple example treated
here we cannot find any elementary analytic solution.

Nevertheless, it is possible to derive an important character-
istics of the solution in the following way., Because of the presence of
the exponential factor in equation 54, we may assume that ail mole-
cules inside the curve "Ti = 3 (see figure 17{a)) are not affected by
the solar radiation and thus do not contribute to the surface brightness
S(x}, while outside the curve 'T: = 3 everything is the same as if there
were. no attenuation of the solar exciting light., It is clear then that,
on the tailward =ide, S{p) (p = ’xl) will decrease, as usual, as p
increcases. On the sunward side, however, S(p) increases as p
increases from 0 to X, = noRg'cr/?;. Indeed, the integration involved
in S{p) bheing limited to the portion PQ of the curve 'r;: = 3, the path
of the integration increases as p increases from 0 to X, ; moreover,
the integration involves denser and denser regions. For p> X, Sip)
decreases as p increases, The decrease of S{p) iz slow at first
because of the optical thickness ".l'Y along the line of sight. When p
exceeds about TX S(p) is roughly proportional to 1/p, The shape
of the curve S5(p) is represented by the solid curve A'MBC in figure
17(b). The curve A'SB'C' shows the distribution which would be ob-
tained if we had considerec the effect of the optical thickness '1'Y only,
neglecting that of Ty {(assuming that we sec only the particles outside
the dotted curve in figure 16 {a)}. The important result brought about
by these considerations is that the maximum of S(p) does not occur at
the position of the nucleus, but is shifted slightly in the sunward di-

rection.
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Such a peculiarity has been observed in the intensity distri-
bation of the Na D lines in the spectrum of Comet Mrkos (1957d)
{Greenstein and Arpigny, 1962). The above treatment is not entirely
rigorous, for it is based on the isotropic expansion model, which is
certainly not applicable to the case of Na 1 owing to the large f-value
of the D linecs. However, replacing IEM by FM will make the mathe-
matical formulae more complicated, but will not affect the general
conclusions. In particular, we may expect the curves of constant
optical thickness T to be similar to those described above for the
case of IEM and consequently, the maximum of the surface orightness
distribution will be displaced in the sunward direction as previously.
Thus, it scems that the usual radial intensity distribution of the Na I
lines observed in Comet Mrkos* can be interpreted as an cffect of the
optical thickness of the atmosphere in the light of D lines., Actually,
the observed distribution decreases more rapidly on the sunward side
than on the tailward side of the nucleus and resembles the curve
AMBC of figure 17 (b). The rapid decrease on the sunward side is
probably due 1o a dispersion in the ejection velocity as discussed
above. Wurm (1963g) has tentatively interpreted the shift of the maxi-
mum of S{p) as a result of such a dispersion of velocities. According
to this author the maximum of 35(p) would correspond to the maximum
of the distribution of velocities v_. Such an interpretation is not
correct, however, for it is clear from our discussion of the dis-
persion of velocities that the existence of such a dispersion does by

1o means alter the position of the maximum of S(p).

*
The slit of the gpectrograph was oriented along the tail when the

spcctra under consideration were secured.
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c. The Variation of the Radius of the Coma with Helicocentric

Distance

It is lnleresiling to make some predictions as to the way in which
the extent of the coma may be expected to vary with heliocentric dis-
tance r. We should first specify the mezning that is to be attached
to the term "radius" of the coma. We shall assume that, by means
of appropriate filters, we are observing the comet in the light of a
given molecule. For instance, we take "monochromatic" pictures in
the A4737 baad of 'C2 or in Lthe A3883 band uvf CIN. DBesides, we
assume that the isophotes are circular or very nearly so, and we
define the radius R1 of the coma as equal to the radius, in km, of
the isophete corresponding te a given surface brightness Sl' We
ﬁave

S{p) = N(p)+ C

or

s(p) o Mp)

2
T

and we may assume, by analogy with Arrhenius law used in chemical
kinetics, that the production rate QO will depend on the temperature
through an exponential factor involving some "activation energy"
(evaporation or desorption heat) which will be designated by L. Then

we can write

2_ "o rl/‘le—b\[r : (62)

where b = -ﬁli,f and when we have taken

o T]'/Z' o

1
o W . {63)

r

Vv
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Equation 62 agreee with the formula firet introduced bv Levin (1948)
in a study of the dependence of the brightness of comets on helio-
centric distance, Finally, if we make use of equation 51, we scc that

the radius Rl will be defined by

-bvr B{B R.)
e o 1
175 R Ko (64)

1

2

k being a constant invelving Sl’ b, n Ro {n, is the value of n_ for

1 1
r=1A,U,), and some physical constants. Taking account of the

dependence of B on T,

= , {65}

we can transform cquation 64 into

B(xl)
3.5logyr - 0.43 bvr + log T =leg k', (66)
1
where
k' = :qal"l
and
3= BTy (67)

The relation Rl(r) is derived as follows. The first two terms of the
left-hand side of equation 66 are computed for a series of values of

r. Thus, for a fixed log k' we have a set of values of log B(xl)/xl.
From a plot of log B{x)/x versus log x we then obtain %y whence

Rl is computed by means of equation 67, Some results corresponding

to various values of b (b = 10 corresponds roughly to L = 6000 cal/mole)

and of log k' have been plotted in figure 18, The maximum observed
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for each curve can be interpreted as resulting from the competiticn
oetween the following effects: as r increascs, the production rate and
the amount of exciting radiation decrease, while the lifetime of the
molecules increases., This is illustrated in figure 19 where a sequence
of distributions S{p) corresponding to increasing values of r (from
top to bottom) is shown. Since the isotropic expansion model becomes
less and less valid as v decreases, the curves shown in figure 1% can
be useful conly for r greater than a certain i depending on the
particular value adopted for 81, Furthermore, the comparison of
theoretical curves such as those presented here with observed R,(r)
relations cannot yield more than a relation between b and [30

_(as suming the number of particles to be known in each case), for the
latter is not well known. As yet such a comparison is not possible
because we do not possess any series of monochromatic observations
of comets. Such observations would be of interest. It is clear that
the exposure time should be taken the same for all the observations

of a given series. It would also be interesting to combine the study

of Rl(r) with phat of ml{r), my being the monochromatic magnitude

of the comet referred to unit geocantric distance,

2, The Tails
a. Dust Tails
The curved, structureless tails of Types II and III made of dust
particles which scatter the solar radiation are well understood as far
as their dynamics is concerned. The "mechanical" theory developed
by Bessel and Bredichin is able to account for fheir forms if the re-

pulsive acceleration is identified with that produced by the radiation
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Fig., 19. Surface brightness distributions corresponding to various
heliocentric distancee {Increasing from 1 to 5), It is seen
that the radius at which § = 5] goes through a maximum
as r increases,
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pressure due to the solar light, This acceleration is of the order of
or, more often, smaller than the gravitational attraction of the sun,
If the radius of the particles iz a and their density 4, we have

accordingly

3pr

4'ac1FO

< 1, (68)

P, being the radiatiuon pressure and FO the furce of solar gravita-
tional attraction. Inserting numerical values into equation 68, we

obtain a lower limit for the size of the dust particles
az0,1u, (69}

corresponding to a density of the order of a few gm/cms. The recent
investigation of the scattered light in the tails of Comets Arend-Roland
(1956h) and Mrkos (19574} by Liller (1960) has led to the conclusion

that the size of the dust particles responsible for the scattering was

of the order of 0, 25 to 5p, which is in agreement with inequality 69.
Liller's work has also indicated that these particles might be iron
grains with diameters around 0, 6. Future studies of the tails of
Typas II and I1T will be concerncd with the determination of the naturc
anc size of the solid particles as well as of their abundances, They

will be based mainly on spectrophotometric analyses and on polarization

measurements,

b. Gas Tails

More fascinating and more puzzling are the straight, gaseous

Type I tails consisting of molecular ions {mainly CO+, N2

, and co;_)
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which are blown away with considerable velocities and accelerations

in a direction deviating slightly from the radius vector sun-comet,
These tails are usually highly active and may show a wide wariety of
appearances: straight thread-like rays stretching out laterally, very
long (10? - 108 km)} streamers, very turbulent or wavy patterns, clouds
or knots. The whole configuration may change in a few hours, but the

evolation is sometimes much slower,

The Rotation of the Rays

A system of rays nearly symmetrical with respect to the tail
axis is observecd in some comets., It has been stated (Wurm, 1963; Biermann
and Liist, 1963) that, without exception, the evolution of each of these
rays is such that, while growing in length, it is turning towards the
tail axis {which almost coincices with the radius vector), the axis of
rotation going approximately through the nucleus, and the angle
between the ray and the axis being rather large initially, While there
iz indeed a number of cases where such an evolution has definitely
been observed, it should be emphasized that this number is very small
{about half a dozen published cases in toto). This is due to the difficulty
of identifying a given ray on successive plates beyond any doubt.

Besides the fact that the number of observations is too small for
the rule to be deemed absolutely general, there do exist a few cases
where this rule fails to hold. A comspicuous example may be found
among photographs of Halley's comet published by Bobrovnikoff (1931),
Comparing figures 41 and 43 (Plate XVIII of Bobrovnikoff's paper) we
notice at once a striking resemblance between the patterns of five

rays appearing on each photograph and we see that the rays make larger
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angles with the axis of the later picture than in the earlier one, which
is in contradiction with the rule under consideration. Although the

two pictures are separated by about a day, it seems likely from the
description given by Bobrovnikoff and from the analogy of the two con-
figurations, that the identity of the raysin the two photographs is real.
Bobrovnikoff's description also shows that, in spite of the rather simple
patterns appéaring on these photographs, the actual situation is more
complicated in the centrzl region of the hecad., The rays do not origi-
nate in or near a single nucleus but in different condensations or jets
that are scen on short exposure photographs only.

Various plates of Comet Humason {196le) obtained by Rudnicki
and Kearns with the 48-inch Schmidt telcscope provide further examples
c.;f departures from the rule concerning the rotation of tail rays, Pairs of
plates taken on the following nights: July 30/31, July 31/August i,
August 25/26, and Scptember 2/3, 1962, and separated by about 24,
3-1/2, and 1-1/2 hours, respectively, show that the rays are by no
means coplanar (the angle between the line of sight and the tail axis
was very small at the time of the observations) and that some rays,
whose identification is certain, are turning away from the axis,

Very recently Malaise {1963) has reported his observations of
the peculiar behavior of the tail of Comet Burnham {1959k), which also
contradicts Wurm's rnle concerning the turning of the rays. Comet
Burnham's tail, which consisted of a single, rather sharp and straight
streamer, was observed to "swing" about the direction of the radius
vector with a period of approximately four days. This shows again

that a tail ray can very well move away from the radius vector.
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It should also be noted that in general, whether the rays turn
toward or away from the axis, they do not turn around an axis going
thirough the center of the coma. Actually, the prolongation of a ray
intecrsects the tail axis at a point which is further from the nucleus,
the smaller the angle this ray makes with the axis, To be sure, the
observational material is still too scanty to allow any general conclu-
sion as to the rotation of the tail rays, It seems that the rotation
toward the axis is more common than the rotation away from the é.xis,
but it is clear thatl it will be necessary to secure namerous series of
photographs as close as possible to cach other before we can settle
the question,

Nevertheless, the existence of even a single known casc of
rotation away from the axis is important for the interpretation of this
turning of the rays. Two different lines have been followed till now in
order to explain this phenomenon. Wurm's atternpt based on the
fountain model is very implausiblc because it requires very peculiar
conditions of ejection; furthermore, Stumpff (1959} showed that this
model could not account for the observations in the case of Comet
Morehouse. In the same paper Stumpff was able to interpret these
observations by means of a hypothesis first suggested by Kopff
according to which the turning toward the axis of the tail is due to the
existence of a repulsive force increasing with the distance from the
axis. This hypothesis is in close agreement with Biermann's corpuscu-
lar theory of comet tails which would explain the increase of the accelera-
tion by the decrease in density of cometary matter as the distance from

the axis increases.
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Neither Wurm's nor Kopff's hypothesis would be able to ex-
plain a case of rotation away from the axis, In view of this we may
look for another -- not necessarily exclusive -- explanation, For
this we shall refer to what will be called the "magnetic model" of
comeatary tails. The suggestion mmade by Biermann in 1951 that a stream
of ionized gas from the sun will probably carry a magnetic field along
with itself was developed gualitatively by Alfvén (1957) who gave a
picture which can be briefly described as follows, When a solar
stream hits the comet's head the transverse magnetic field lines in-
curve progressively because of the higher resistance of the coma in the
central regions (see figure 20 (a) ). At the same time the field lines
are decelerated and the final model is made of a series of field lines
attached to the head as indicated in figure 20 (b). The rays or streamers
are thought to be formed by the ejection of ions which are forced ta
move along the lines of force. In a highly idealized situation .~
in which all orientations of the transverse field were represecnted,
the lines of force would lie on surfaces of circular symmetry around
the tail axis and one might expect the ions to undergo a driit due to
the curvature of the field lines and to the gradient normal to these
lines. This drift would result in a rotation of the rays around the axis
of the tail. While it is very improbable that such regular and symmetri-
cal conditions may really exist -- note, however, that the patterns we
are trying to explain are sometimes very symmetrical themselves --
these considerations suggest that the rays might rotate in space rather

than in a plane. In projection, then, we could observe rays that are
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(a) ®

LINES OF FORCE

LINES OF FORCE

{b) 7 N

Fig. 20, The "magnetic model™ of comet tails {after Alfvén,1957).
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approaching the axis as well as rays that are receding from it. It
may be worth rnentioning-here that preliminary results from the
‘Mariner II space probe indicate the existence of a transverse magnetic
field of variable strength and orientation (Coleman et al,, 1962).
Finally, it should be noted that condensations and clouds have actually
been observed to move away from the tail axis in the case of Comet
Mrkos (1957d) (Lust, 1962).

In connection with the magnetic model it is interesting to note
that some U-shaped tails showing a continuous spectrum can be inter-
preted by means of this model if one assumes (1) that these tails are
made of small particles capable of acquiring some electric charge,

(2) that initially these particles are distributed spherically around the
nucleus according to an inverse square law, and {3) that after its col-
lision with the comet a given line of force takes a form such that all
its points have encountered the same total number of particles on their
way through the comet’'s head. We can refer to the first section of the
present chapter where we had to deal with the same integration as the
one which the above assumptions lead to. Thus, equations 57 and 58
and figure 17 {a) show that beyond & rather short distance from the
nucleus the width of the tail will be nearly constant and equal to about
2 or 3 times the diameter of the head. This is in agreement with the
observations,

Finally, going back to figure 15 where the radial distribution
of the ions (CO+, N;) observed in Comet Humason {(196le) is plotted,
we see that it is possible to interpret the flatness of this distribution

by means of the magnetic model, since, according to this model, the
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ions are ejected laterally zlong the field lines (we recall that Comet
Humason was Observed almost end-on, the angle between the line of

sight and the radius vector being only about 120).

The Velocities and Accelerations

Typical ion velocities near the head are of the crder of 10 to
20 km/sec, while the velocities in the tail can reach 100 km/sec or
more., The corrcsponding accelerations determined from the motions
of condensations or rays are always found to be much larger than the
solar gravitational atiraction, as they range from about 30 to 300
cm/sec2 or even more,

The solar radiation pressure is definitely out of the guestion
because of low f-values or because of the weakness of the solar radi-
ation in the ultraviolet region,where the f-values may be large. The
electromagnetic radiation from the sun being inadequate, it is natural
to consider the possibility of momentum being derived from the solar
corpuscular radiation., Biermann (1951) attempted to explain the large
accelerations by the interaction between the electrons present in the
solar plasma and the cometary ions. This mechanism gives rise to
accclerations that are about two orders of magnitudes too low. On the
other hand, Biermann and Trefftz (1960) have shown that vcry little
momentum is transferred from the solar protons to the cometary ions
in the charge exchange process which produces co’ ions. Another
possible mechanism for the coupling between solar and cometary
particles has been sought in the occurrence of plasma instabilities
resulting from the collision between the solar stream znd the comet.

Hoyle and Harwit {1962) have concluded that this possibility is negligible,
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but this conclusion depends on the value adopted for the electron tem-
perature and might be changed if the value adopted by Hoyle and Harwit
were too high (Biermann andlLﬁst, 1963), Finally, a suitable magnetic
field may be the agent responsible for the coupling, The presence of
magnetic fields in comets seems very probable indeed (narrowncss of
the rays and streamers, helical and wavy patterns). Harwit and Hoyle
have recently provided the magnetic model mentioned earlier with a
semi-quantitative basis and they have been able to account for the
rather large ejection velocities of the molecular ions. The magnetic
field lines are decelerated because more and more ions (formed by
charge exchange) become attached to them as they move through the
gomet's head and the transverse magnetic ficld lines serve to transmit
the momentum from the protons to the molecular ions.

The picture drawn by Harwit and Hoyle is not entirely clear,
however, For instance, at some stage of their rcasoning these authors
show that the velocity of the field lines must always be greater than a
certain minimum value, which they identify with the ejection velocity
of the ions, while later in their discussion they consider that these field
lines are stopped in the head,

When the transverse field is weak the motion of the ions is deter-
mined by their interzction (characterized by a cross sectior ¢} with
neutral molecules. Then, the velocity of the ion when they enter the

tail is found to be {after correction for an obvious error):

m_ v
v

(70)

= 3
mi(nCD)n'

whe re m, and m; are the proton and the ion mass respectively, o
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the stream velecity of the proton, n_. a msaan density of neutral mole-
cules, and D a characteristic length of the order of the diameter of
the coma. Actually, (nCD) is equivalent to the "surface density"
N{p) introduced previously, if p is the projected distance as seen
from the solar stream. Thus, equation 70 becomes

ve—EL (71)

m.mn R o
i7" 0

which shows that v is proportional to p. This property is similar to
Kopff's hypothesis mentioned earlier. It might he used to explain

the rotation of the rays, Taking vy = 300 km/sec (in agreement with
recent resnlts from artificial satellites experiments -- see belowl,
rioRf‘; = 3% 1023 cm-2 (see next section) and g = 10_15 cmz, we find that
v is of the order of 10 km/sec at a distance of 104 km from the tail
axis, while it reaches 100 km/sec at'105 km from the axis.

Harwit and Hoyle claim that their model also accounts for the
high accelerations observed in the ionized gas tails, but this is incor-
rect. Dividing the momentum flux nprnpv2 by the total mass per cm
through the tail as seen from the solar stream, Harwit and Hoyle obtain
a quantity which, clearly, has the dimensions of an acceleration and

which is of the order of 3¢ to 3 X 103

cm/sccz for conditions of enhanced
solar activity (0.3 to 30 cm/sewzz2 if we use typical values for "quiet"
conditions). However, according to their model, the momentum transfer
occurs only in the head, not in the tails where the lines of force become
nearly parallel to the solar stream velocity,

A final remark may be in order, The momentum flux of the solar

8 7

pPlasma is of the order of 107~ to 10 ' CGS units under "normal™ conditions
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(n, =10 em”3, v, =3X 102 - 10% km/sec), while the momentum flux

8

- -6 .
associated with the cometary ions is about 5 X 10 ~ -5 X 10 = in the

-3, v, = 30 - 102 km/sec). On the other

34

sarme units (ni = 102 - ]_03 cm
hand, for a total number of CO molecules of the order of 3 X 10
(cf. next section), the rate of production of .CO+ by charge exchange
is~ 3 x10%% sec-l, which is about what was observed in Comet
Humason [196le). Thus, it would seem that the solar corpuscular
streams can provide approximately the required fluxes of momentum
and of particles to explain the observations, although the values may
be somewhat larger than the normal values suggcsted by the recent
space probes. We need more cbservations, for instance, to establish
on a firm basis whether or not the largest values of the tail accelera-
tions are always correlated with high solar activity. In any case, the
problem of the dynamics of the gaseous cometary tails remains an

open one,

The Ionization of Cometary Molecules

The ionization of cometary molecules may be achieved by onc
of the following mechanisms:
(a) photoionization by far ultraviolet solar radiation
(b) interaction with solar corpuscular radiation: exchange of
charge between solar protons and neutral cometary mole-
cules (Biermann)}
(c} unknown process intrinsic Lo the comet itself {Wurm)
The first of these mechanisms is usually considered as unimportant on

account of the weakness of the solar radiation in the spectral range
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involved (far ultraviolet)., Wec shall see that this may not be justified.
As to the second me chanism, it is opposed mainly by Wurm (1960,
1961, 1962, 1963) on the basis of a few arguments that we shall examine
prescntly. From the observational facts (1) that important fluctuations
in the intensity of the cO" ions in comet tails sometimes occur onh a
rather short time scale (of the order of 103' 5 sec) and (2) that the CD+
ions appear already closc to the nucleus of a comet (and not only in the
tail itself, or at a large distance from the nucleus), Wurm concludes
that the lifetime of CO, which is believed to be the parent molecule of

C0+, must be very short (< 1033

sec}). Comparing this with another
common featurc of comets, namely that the neutral molecules like

CN, CZ’ ««. arc distributed over large volumes (up to distances of

R 105 km or greater), Wurm then draws the conclusion that therc must
exist two different groups of molecules in comets, one of which contains

molecules that are readily ionized (CQ, N,, CH, ... }, the other one

22
molecules that have very long lifetimes (= 106 sec) against ionization
(CN, CZ). On the basis of the same argumenfs Wurm favors the idea
of an ionization process that would be due entircly to the conditions
prevailing inside the cometary atmosphere itsclf, and thus independent
of any phenomena having their origin cutside the comet, The first of
Wurm's conclusions (short lifetime of CO) is derived from point (1)

above by making use of two simple diffcrential equations which we

*
repeat here for the sake of convenience (Wurm, 1943) :

sk
In the most recent version Wurm {1963) has changed the notations and
in so doing he has introduced an inconsgistency. This appears in
equations 37 and 38 (p. 610) which are obviously dimensionally incorrect.
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C ) .|

—ar — = *colco " *cothcot =9

where 2z 1is the rate of production of CQO, X the inverse of the lifetime
and where h is the total number of molecules present. Under steady-

state conditions we obtain

Mo

It &
CcO )LCO+

Neo

ICO"' being the intensity in a COT streamer. It can be shown readily
that, if L.+ varies, say, by a factor of e over a time interval At,

then

provided that KCO is constant, the change in ICO+ being assigned
entirely to a change in hCO' Now these considerations were first

held at a time when the solar light was believed to be responsible for
the ionization of CO, and the condition of constancy of )"CO could not
be doubted. U, however, CO+ is formed by charge exchange involving

solar protons, XCO’ which will then be given by
Aeo F (nv)pu' , (72)

may very well vary itself owing to fluctuations in (nvlp. Thus the
: R +
fluctuations of the intensity of CO  streamers would merely be due

to variations in the flux of solar particles producing these ions. Such
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variations are indeed expected and observed (Mustel, 1958, 1660;
McNally, 1963), and a time scale of 103' 3 sec would not seem un-
reasonable for such variations. On the other hand, if the icnization of
CO is completely "intrinsic” to the cometary atmosphere, as Wurm
has suggested recently (Wurm, 1962), nothing is known about the pro-
cess involved, and, at any rate it is impossible to draw any conclu-
sion as to Teo 8t the present time. As iar as the second point men-
tioned previously (appearance of CO+ close to the nucleus)is concerned,
it suffices to say that, since neot is likely to be proportional to N~
and since CQ, like the other neutral molecules, is likely to be densest
ncar the nucleus, we should indecd expect CO+ to appear rather con-
spicuously in the neighborhood of the nucleus, when it does appear at
all. Furthermore, the fact that CO+ is observed there does not
imply that CO is completely ionized, as Wurm seems to believe
(Wurm, 1960)." In consequence, it seems that the value that is so often

gquoted for Tco

5103°5 sec (73)

Tco
should by no means be regarded as a cdefinitive result. The actual life-
time of CO rmmolecules may be very diffevent from this. The answer
to this question will presumably have to await the final determination
of the ionization mechanism or the observation of CO itsclf. The im-

portance of the above conclusion should be realized, as the zcceptance

of relation 73 leads to the strongest argument against the corpuscular
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stream theory (see below) snd setes a severe condition tc be satisfied
by any theory of the ionization in comets anyhow,

A controversy has opposed Wurm and Biermann for about a
decade concerning the possible existence of important differences
between the ionization of CN, C2 on the one hand, and that of CO, N2
on the other hand. On account of the closeness of the ionization poten-
tials of the molecules of tho two groups, Wurm maintaine that the
charge exchange cross sections should be similar for all of these
molecules, and that, consequently, if the corpuscular theory of
ionization were valid, the lifetimes of the molecules of both groups
should also be similar. This is regarded by Wurm as a deadly arga-
ment against Biermann's mechanism because, according to this
author, TCO iz very different from TEN Now this rcasoning is
questionable for two reasons. Firstly, as we have seen, it is not
certain that we have any knowledge of the lifetime of the CO molecule
at all. Thec time scalg;: of one hour over which CO+ streamcrs are
sometimes observed to decay may very well reflect the time variation
of the probability of ionizing CO, rather than this probability itself.
Secondly, it is, in fact, very likely that, in spitc of the similarity
between CN and CO, the lifetime cf these two molecules against
ionization by solar protons (through the process of charge exchange)
will diffcr by about one power of fen, This will be shown below,

Without going into the details of the theory and experimental
facts concerning charge exchange processes, we may nevertheless re-

call bricfly the essential results that will be of interest here. The basic
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idea lies in Massey's "adiabatic hypothesis™ (Massey, 1949) according
to which the cross section for an inelastic collision involving atoms or
molecules {or ions of these) will be small as long as the velocity of the

oncoming particles, v, satisfies the inequality

vh

A <1 (74)

where a is a length which characterizes the interaction between the
colliding particles, and AX is the absolute valuc of the difference

in internal energy of the system between the initial and final states. As
the energy E of the incident ion changes the cross section varies in a
manner which is illustrated in figure 21 for typical cases. o goes
through a maximum for E = EM’ falls off steeply as E decreases, but
decreases more slowly towards high energies. Clearly, the important
parameter which will determine ¢, in the case of charge exchange
between protons and a coﬁetary molecule, is not so much the ionization
potential of this molecule, but rather the difference AE betwecen this
ionization potential and that of atomic hydrogen. This was pointed out
by Rosen already in 1953 {Rosen, 1953). Furthermore, o will depend on
the electronic configurations involved in the transfer of charge. Can-
sidcring E = EM and cquating the lcft-hand side of equation 74 to 1,

we can define a value of a, in Angstrom's units:

1/2
EM

a(E ) =0, 55 1
M mi;ZAE

if EM is expressed in ev, m, the mass of the incident ion, in amu,
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and AE in ev. For a rather large number of cases studied in the lab-
oratory, it is found that a(EM) lies between about 7 and 28 A, with a
marked tendency for systems invelving at least one molecule to have
larger values of a(E,,) (>15A). * (Hasted, 1952; Stedeford and Hasted,
1955; Gilbody and Hasted, 1957) In particular, for (H', H,), (H+,NZ),
and (H+, CQO}), it is found that a(EM) is equal to 22, 16. 5, and 23 A
respectively, when the smallest value of AE is considered (normal
states of H;, N-;, CO+). The curves for (H+,N2) and (H+,CO} are
given in figure 21 (after the results of Carleton and Lawrence (1958)

and Gustafsson and Lindholm (1960} ). From these results it seems
rather safe to assume that a(EM) = 20 A for (H+, CN), from which we
obtain EM = 3 kev. Now since the maximum value of ¢ usually de-
creases as EM increases (Hasted, 1952), it appears that the (o, E)
curve for the exchange of charge between protons and CN radicals
will presumably not depart very much from the dashed curve drawn in
figure 21. The vertical line in this figure indicates a tvpical value for
the energy of solar protons (0.5 kev, corresponding to 300 km/sec) as
derived from cobservations of Lunik IT and III, Explorer X and XII,

and Mariner II. Thus, it is seen that the charge exchange cross section
for (H+, CN) will probably be smaller than that for (H+, CQ)} by a factor
of about 10 at the energies involved here. We notice that the same is
true for (H+', NZ) as compared with (H+, CO). If the solar velccity is
100 km/sec the cross scctions may differ by two orders of magnitude,
while the cross section for CN becomes comparable with that for CO

when Vo is of the order of or greater than 700 km/sec. The case of

% +
An exception to this rule is given by processes of the type X + H, —_
X+ HEL , where X7 is & heavy ion. For these a is of the order of 4 A,
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GZ is omitted from the present discussion, as the ionization potential
of this molecule is not known.

The rate coefficients for charge exchange involving CO, N,, and
CN calculated by means of formulae similar to eguation 72 with
(nv)p = 3 X 108 c:mmz'sec'-:l and E = 0.5 kev {(for r =1 A, U,) are given
in table 16. These values correspond to the total charge exchange cross
sections. Thkey are due almost entirely to transitions to the ground
states of CO+, N;, and CN+, as these usually give the largest contri-
bution to the total charge exchange cross section at the energies under
consideration here. The case of CH provides an exception to this rule:
the ionization potential of this radical being rather low {11.1 ev), the
charge exchange cross section corresponding to the first excited statc
of GH+, a lﬂ, can be expected to be larger than the cross section for
the transfer to the ground state of this ion, because its AE is smaller
(0.5 ev as compared with 2.5 ev) (cf. Hasted, 1952}, We notice that
the time scale for ionization of CO by charge transfer is much larger than
the value of 3 X 103 sec discussed earlier. Accepting the latter value
as the true lifetime of CO, Biermann {1963) tries to explain it in the
charge exchange scheme by the fact that the proton stream will be com-
pressed when it hits the comet's head. However, while it is true that
the density of the protons will increase, their velocity will decreasc
and this will affect ¢ strongly as can be seen from figure 21, so that
the over-all effect will be to increase the time scale rather than to de-

crease it,

Also listed in table 16 are the values of the rate coefficients for



-144-

the photoionization of the molecules under consideration. The necessary
values of the absorption coefficients have been taken from an article by
Ditchburn and E)pik (1962), and the data on the solar radiation flux in

the region 400 A - 800 A havc been found in "Space Environment Hand-
book" (Johnson, 1961}, It is seen that, if the charge exchange mechanism
is important for the ionization in comects, the electromagnetic radiation
from thc sun may also play a role in some cases., TFor N, the photo-

2

ionization is even more important than the process of charge exchange

leading to Né. We note that the lifetimes associated with the rates
appecaring in table 16 are about of the same order of magnitude (= 106 sec)

as the lifetimes of the observed neutral cometary molecules,

Table 16. Rate coefficients (sec_l} for ionization of CO, N,, and CN
by solar protons and by far ultraviolet solar light.

Typical densities,

Molecule co N, CN

X (charge exchange) 10“6 1077 107

X {photoionization) 2%x10 ¢ 3x10°7 ~10" (?)
o {cm?) 3 %1075 10713 1012
n./n_ 10”2 3 %1073 3%x1073
n (cm-?’) 105 3 X 104 _1_9_3_

n, (cm_B} _I_Qi _I_L_O_Z_ 3

Underiined entries indicate values observed in comets.
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On the other hand, it may be pointed out that, for instance, the
number of CN+ ions formed may be appreciably cdifferent from the
number of COn'L ions, not only because of the differences in the ioniza-
tion rates, but alsc because the abundances of CQO and CN may them-
selves differ from one another. For example, if we assume that the
motion of the ions through the comet is determined by the pressure of
onceoming solar protons and the interaction of these ions with the neutral
molecules, it is possible to obtzin a rough estimate of the ratio ni/nn,
ion densities to neutral molccule densities for a given species, and
hence one of these two densities from the observed value of the other
one. Using the simple relations given by Harwit and Hoyle {1962), we
derive

!

b = 30 npch s

o]

where ¢ characterizes the interaction ion-molecule, and D is a
characteristic length of the order of the dimensions of the comet's head.
The factor 30 is intended to represent the ratio of the mass of the mole-
cylar-ion to that of the proton. Numerical results are given in table 16
for typical values of n, (CO+), n, (N;), and n {(CN) observed at a dis-
tance of, say, 104 kin from the nucleus of 2 comet. Although the results
given here are rather crude, it appears quite possible that the abundances
of CO and co’ differ by at least one order of magnitude from those of
CN and CN+ in a given region of a comet. In this connection, we notice
the interest that there would be to try and observe CO and CN+ and to

determine ni/nn ratios for CO and CN.
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Finally, it may be mentioned that there exist several other re-
actions that might be of importance in some cases., These have been
pointed out by Marcochnik (1962). A reaction which is especially inter-

esting is:

+ ot ,
H2+N2 N2+H2'

because Ak is very small (= 0,15 ev} in this case, so that the cross
section is relatively large even for small velocities of the hydrogen
molecular ions (= 10-15 crnz from = 0.1 to 0, 5 kev), The problem is
otherwise the same as before, as we have first to account for the for-
mation of H_; HZ may be abundant, but the chargc exchange cross

section is rather low near Ep = 0, 5 kev, while the photoionization rzte

is probably of the same order as that for NZ' Processes like

+ +
I\if2 + N2 ZN‘2 + o
and

cot +co~2cot +e

will probably be important only in the neighborhood of the nucleus
{R S_,103 km). Indeed, if we take the value of 10 km/sec for the ion
velocity and o = 10"17 cmz, which scem more realistic than the values

given by Marochnik (AE is of the order of 15 ev here}, we find that
- - *®
k=niX10 1 sec 1,

a" - - - - -
Apparently Marochnik has taken n, instead of n; in this relztion,
sincc he assumes an inverse square law distribution.
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50 that it is only if n, were of the order of 104 10 105 cm—3 that the
corresponding rate coefficients would reach valucs comparable to those
given in table 16, Lastly, an ionization process involving collisions
with electrons may compete with the processcs mentioned so far if
these el.ectrons can be accelerated by clectric fields produced by local
irrcgularities in the cometary plasma (Alfvén, 1960; Huebner, 1961},

It should be emphasized that no attempt has been made here to
establish the validity of any mechanism capable of explaining the ioniza-
tion of cometary molecules. The main purpose of the foregoing remarks
has been to draw the attention to the fact that the candidacy of the cor-
puscular theory to provide such a mechanism, at least in part, should
still be retained in spite of the repeated attacks this theory has under-

gone in the last few years,

3. The Chemical Composition of the Cometary Gas

Ideally, the abundance of g given type of cometary molecules
would be derived from "monochromatic" obscrvations in the light of an
emission band due to the particular molecule under consideration,
Unfortunately, very few observations of this kind have been made so
far and we often have to make use of rather imprecise estimates of the
total visual magnitudes when trying to determine abundances. The use
of such visual magnitudes inaccurate as it is, may nevertheless provide
an order of magnitude estimate for the total abundance of CZ’ h(CZ),
because the visual brightness of a comet with a weak continuum is deter-
mined esserntially by emissions in the Swan system, the NI—IE emissions

being virtually negligible, On the contrary, photographic magnitudes
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are almost useless, since they include important contributions from at
least three molecules {CN, Cz, Ca\.
Since errors are found in the literature concerning this matter,

it seems appropriate to write down explicitly all the cquations to be
used in the evaluation of abundances. If the total flux received from a
portion of the comet limited by a diaphragm of the recording instrument
is F, while F, is the integrated flux received from the reference star
through the same combination of telescope, filter, diaphragm., and
photocell or photographic plate *, and if m and m, are the correspond-
ing magnitudes, obviously
F-F, 10-0.4(m-m*)
apd

oo

F= S' f)&P)\ dx,

o

fK being the flux outside the instrument and P)\. the over-all sensitivity

curve, Now if A is the geocentric distance of the comet we have

2
4nL”F —Z LVIVIIP?\V' " (75)

Lv'v" being the luminosity (total emission, per sec, of that part of the
comet that is observed} in the (v',v") band and the summation being

extended over all bands. Lv'v" iz given by

LV'V" = hvl(Ahv)vlvﬂ 3 (76)

The correction for atmospheric extinction is assumed to be allowed
for separately.
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ﬂv1

v e dervived {rom eguaiion 75 provided the ratios =
n
v

are known. Finally, the total number of molecules of the given type is
hvll

ns= hV' T_'L-:;' R (77)

V"

Since we know that the cometary emissions are excited by fluorescence,
the ratios ;ﬁ; are to be computed by solving the rclevant system of
steady- statevequations. The populations of the various levels in the
excited electronic state have been neglecied, as they are always very
small.

Consider two different atoms or molecules which can both be re-

garded roughly as Lwo-level systems and which we designate by means of

indices 1 and 2. It follows from the steady~state equations that

I N |
1 (n'4), C,

the A's and the C's being thc emission and the absorption rates re-
spectively. If IZ/I"I is the intensity ratio observed in a cometary

spectrum and corrected for atmospheric absorption, this becomes

h I AP C
a2 e (78)

2,21
MR MNP &
ki being the wavelength of the characteristic transition of molecule i
and P1 the sensitivity of the photographic plate at }s.i. In the first

approximation equation 78 can be used to derive an estimate of the

relative abundances of the molecules CN, CH, NH, OH.



-150-

A critical revision of the available data concerning ahundanca
determinations in comets has been carried out, The results {corrected
whenever necessary) are presented in table 17 which also contains
additional data obtained for Comet Humason (196le) and a few other
comets. H_is the "absolute” visual magnitude (reduced to r = A =
1 A.U.). The last four columns give the total number of molecules N,
the product nORE {derived irom equation 49 with R, different for

different molecules), the surface density N at p = 10%

km (from equa-
tion 46}, and the volume density n at R = 104 km., After a few general
remarks which will be given below, some particular cases of cometsa
referred to in table 17 will be considered. Finally, at the end of this
section we shall discuss the problem of the forbidden oxygen lines in
cometary spectra.

The approximate method given by Wurm (1963) for the deter-
mination of C2 and CN abundances is actually valid only for the case of
CN, since it is based on the assumption of a two-level molecule, while
it is known that the C2 Swan band system is well developed in comets.
However, one finds that the values derived for n(CZ) when the fluores-
cence is taken into account rigarnusly differ by less than a factor of
two from the values obtained by means of Wurm's simplified formula.
This is merely due to a numerical coincidence. For comparison, we

give Wirm's formuala

(C,) = Lo xd x0T . amn?. D (79)
2’ - (Bwy__ T o

where N/M' is evaluated in terms of a "radiation temperature”
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characterizing the diluted solar radiation, and the correct formula

-6 —0.4mv — 7 .
_ 3, 9 X107 x 10 2 v 1
h(cz) - (AhV) . 41TA . h[ - - s
(s]0] 1] " 1 ¢+
M © Z (-—-u-f’ Y )P
*o0 lv'v”

(8C)

where Ph represents the sensitivity curve of the human eye,

No determination of the abundances of CH, NH, OH has been
made as yct. The method used here is rough, but it gives at least some
indication as to the orders of magnitude involved. After the abundance of
C2 has been obtained by means of equation 80, that of CN is derived by
comparing the intensity of CN violet (0,1) with that of C2 Swan (2, 0)

on spectra found in the Atlas of Representative Cometary Spectra (Swings

and Haser, 1956) and by making use of the results of the fluorescence

computation. Then, the comparison of CH A 2

A - X 2111(0,0), NH AN, -
x>27(0,0), and OH A =¥ - X °I_ (0,0) with CN violet (C,1) is
sufficient to yvield n{CH), n(NH‘j,' and N{OH} through eguation 78 which
is valid in all four cases because of the flatness of the Condon parabolae
involved. The various values of R, used in equation 49 are as follows:

4 km), NH (3 x10% - 162

C, (10° km), CN (10> km), CH (10 km), OH

{3 X 104 km). These values are estimated from the length of spectral
bands which have about equal intensities. We note incidentally that the
same value is used for Ca and CN, whereas it is usuzlly stated that CN
has a shallower intensity gradient., This is a result of the great strength

of the CN (0,0) band: in the case of CN wviolet all the emission is



-1E6-

concentrated in this hand, while in the case of C., Swan, which has o

2
comparable f-value, the light is spread over a rather large wave-

length range. If we compare CN wviolet (0,1) and C., Swan (1, 0).

2
which have generally very similar intensities, one finds that the ex-
tensions of CN and C2 are about the samas.

An error which is commonly found in the literature results from
a wrong interpretation of the meaning of molecular f-values determined
experimentally, More details concerning this quecstion are to be found
in Appendix C,b. I will only be said here that this error is insignificant
when we are roncerned with a band system which has a flat Condon
parabola, whereas it is large in a case like that of the CO+ comet-tail
bands where it amounts to a factor of about 3. A convenient and unam-
biguous definition of an f-value characterizing a wholc molecular band
system is proposed in Appendix C, b.

Lt us now consider a few particular comets,

Comet Bester (1947k)

Grudzinska (1960) determined the ratio of the abundances of CN

and CO+ in this comet and found
+ -
n{CQO )= 30n(CN) (81)

However, as mentioned previously, this result is affected by an crrone-
ous use of the f-valuc for the comet-tail system (cf. Appendix C,b).
Moreover, the assumption that the intensity of the c¢xciting solar light

is the same for the CN bands as for the CO" bands is also incorrect,
Finally, correcting for these errors and using recenl improved "relative

transition probabilities" {Nicholls, 1956; Robinson and Nicholls, 1960),
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we obtain

n(CO"} % 3n(CN) (82)

If we compare this with the result derived below for Comet Humason
(1961e¢)}, we see that the number of CO+ ions relative to the number of
CN radicals was some 25 times larger in Comet Humason than in Comet
Bester. This seems quite reasonable if we compare the spectra of
these two comets, one being cominatec by CO+, the other by CN (and
Cz).

Comet Mrkos (1955e)

Using the results of photoelectric observations of this comet by
Schmidt and van Woerden (1956}, Houziaux {1960) evaluated the abun-
dances of the C2 molecules. Unfortunately, several errors arc con-
tained in this evaluation:

{1} A factor of 4w has been omitted in the transformation of the flux
received at the carth into a luminosity (p. 1028 of the paper by Houziaux),

(2) The light received through Schmidt and van Woerden's C2
filter has been assigned entirely to the (1, 0} Swan band, whereas this filter
includes the whole Av = +l sequence (peak of the filter at A4710; total width
of filter at half peak transmission: 60 A), Furthermore, it has been con-
sidered that the amount of energy transmitted by the filter depends on the
profile of the (1, 3) band, while the sensitivity of this filter varies actually
very little over the wavelength interval covered by the {1, 0) band.

(3) The statement, on page 1028, that the brightness B at 1 minute
of arc from the nucleus was 0.1 on June 25, 1955 (in the unit defined by

Schrnidt and van Woerden) disagrees both with the results given in the
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column headed "E{R)" in table II (p. 1031} and with the data given by
Schmidt and van Woerden,

By me ans of the latter data,k and by means of equations 75
through 77 it is found that the value given by Houziaux for the mean
density in a sphere of radius R = 5,35 X 104 km is overestimated by
a factor of about 6 (the f-value adopteé here is such that (Af) = 0.130,
with X = 5,165 - cf. Appendix C,b), For R = 0,535 X10” km and
R=1.07 X 104 km the densities have been overestimated by a factor of

about 1. 5 and 3 respectively.

Comet Mrkos (19574d)

It is difficult to estimate the abundance of Na because of the
importance of self-absorption and because the high density of the available
spectra (see Greenstein and Arpigny, 1962). However, since no attempt
has been made till now to determine the amount of atomic sodium con-
tained in a cometary atmosphere, it seems interesting to try and
derive at least some indication here.

From the {-values of the Na D lines and of the C2 Swan system

it can be shown that

1
N{Na) _ -3 "Na
Rc,y 2% T T (83)

2

Now a study of spectra of Comet Mrkos {1957d4) (r = G.6 A.U.) reveals

2.5 (Beyer, 1959)

it

that INa/ICZ (0,0) = 30. Combining this with m_

and considering that the contribution of the continuum is of the order of

]

I am indebted to Dr. van Woerden for providing m= with the original re-
sults concerning th: observations referred to above. These results -
indicate that the data as given in Schmidt and van Wocrden's papsr
(figure 1) are correct,
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50%, we find

31

MNa) = 2 X10 (84)

and

32

h(CZ) =1,5X10 (85)

We can form another estimate of N{Na) in the following way.
The optical thickness in the light of the Na D lines iz undoubtedly large
in the central regions of the coma. However, at a distance of about
10% km from the nucleus in the direction of the sun this optical thickness
becomes gmaller than 1 since ]I}z/D1 = 2 there. On the other hand, the
cross section at the center of a Doppler broadened line is given by

(Mitchell and Zemansky, 1961):

~ -2 f o
0’0 = 10 ZT cIm (86)
D
which becomes
o, 10712 cm? (87)

for v =1km/sec, Hence we have

N(10% km) < 10'% cm™? | (88)

From the radial distribution of the intensity in the D lines we can obtain
a lower estimate for the ratio of the total number of Na atoms to the

surface density at p = 104 km on the sunward side, The final result is:

n{Na)= 3 % 103}

The coincidence with equation 84 is, of course, accidental, especially
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since the second estimate is very crude, but we may consider that the
order of magnitude is confirmed.

Comet Halley (1910)

Schwarzschild and Kron (1911) measured the surface brightness
of the tail of Comet Halley in cross sections perpendicular to the tail
axis, whence they calculated the densities of the fluorescing particles.
However, as Wurm pointed out {1943, 1961}, the abundances derived by
Schwarzschild and Kron were underestimated because their cross
sections for fluorescence were much too large, Wurm applied a cor-
rection factor for this, but his own results are still incorrect, as they
are based on unsound assumptions, In the first place, Wurm's treat-
ment is equivalent to assuming a two-level model for CO+, which is al-
together unjustified. If we correct for this by treating the fluorescence
rigorously, we find that the surface density at = 3 X 105 km (i. e. 0?5)
from the nucleus is about four times smaller than the value correspond-
ing to Wurm's result. Wurm expressed his estimate in the forrm of a
volume density, which is highly uncertain because the effective path length
along the line of sight, p, is not known. Wurm assumed, after
Schwartzschild and Kron, that the tail could be considered as a cylinder
of diameter p; since p has been taken equal to 3 X 105 km, the volume
density may have been underestimated by one or two orders of magni-
tude if the GO+ ions were localized imr streamers 103 to t04 wide.
Furthermore, another uncertainty arises from the assignment of all the
emission to CO+, as Bobrovnikoff's photographs ané descriptions (1931)
for thodates ofthe observations in question show that a possible contri-

bution of continuous scattered light is not at all excluded in some cases.
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i : +
In conclusion, we may say that the abundance cstimates of the CO

ions in Comet Halley appear to be very unreliable,

Comet Humason (196le)

Having calibrated the spectra of Comet Humason in ordexr to
derive relative intensities, we were not very far from determining the
absolute intensities of the various molecular emissions and hence, in
turn, the particle densities in the comet. In view of the importance of
such data for the study of cometary structures as well as of the out-
standing character of Comet Humason (196le) itself {especially as far
as CO+ is concerned), it is worthwhile our devoting a little additional
effort to the determination of these densities.

The only available information concerning the total brightness
of Comet Humason near the date of the observations is a visual magni-

tude by Kono who found (IAU Circ. 1806):

m_ = 6.8
v

on the Zist of August, 1962. Since this e¢stimate is in agreement with the
predictions of the ephemeris appearing in the IAU Circular 1798, wc are
justified in adopting the value given by the ephemeris for August 1, 1962,
m & 7.0, bearing in mind, however, that an error of as much as one
magnitude cannot be excluded a priori. (For instance, it has been ob-
served that Comet Humason was brighter by about 13 on November 16,
1962 than on the neighboring dates,)

Qur problemrn, then, consists in providing a means for connecting
the spectroscopic observations made in the photographic region to a

visual estimate of the comet's brightness. We shall proceed as follows.
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Since we¢ have determincd the relative populations y_, of the vibrational
levels in the upper state of the transition corresponding to the comet-
tail system, it is casy to evaluate the ratio (rl) of the intensity of any
band, (v',v"), of this system in thc photographic region to the sum of

the intensities of the bands of the same system which fall in the visual
range -- each intensity being multiplied by the appropriate ordinate of the
sensitivity curve for human vision. On the other hand, the ratio (rz)

of the amounts of continuous energy contained in a narrow bandpass {say,
10 A wide) in the photographic region and in the bandpass corresponding
to the visibility of the human cye can be readily obtaincd, as it has been
recognized carlier that the rcflection or scattering of solar radiation

by cometary particles is undoubtedly non-seclective in the case of Comat
Humason {196le) (sce also below), A third link is e¢stablished by measur-
ing the ratio (r3) of the intensity, at a given place in the comet, of the
(v',v") band to the intensity of the neighboring reflection continuum in a

10 A bandpass. Thus we have, for example, with obvious notations:

co seont Sco+
N S20 Lo M0 . o D20
1 - + 27 _cont ° 37 _cont
SCO Sv S)\
v 20

Then, with the aid of elementary algebra we obtain the following expres-

sion for the surface brightness in the light of one of the comet-tail bands:

&~ O
+ a 2 ~0.4lm” -m )
SC,O,. _ I‘l(V',V")SG © ) 1 . 10 v v ’

e () (Geeme

2%3 2cot

{89)

where ae 2cont’ and acot are the angular radii of the solar disk,
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the central reflecting part of the comet's head, and the CO+ emissions
vespectively, and where we have used the sun us a standard for the
conversion of magnitude into surfacc brightness. Each of A ont and
acot is an "equivalent" radius, i.e. the radius of the uniform disk
whose surface brightness would be equal to the actual value of the
respective surface brighiness at the positions considered in the deter-
mination of the ratio T3 and whose total brightness would be equal to
the actual fotal brightness. These equivalent radii arc determined by
means of the radial profiles refcrred to previously. In practice only
2 has to be known accurately. Indeed, the denominator of the fraction
appearing in cquation 89 will be very nearly equal to one, since the
relative contribution of the nucleus to the total light of the comet is, at
most, of the order of a few percent. Finally, the surface density of
co’ ions at a distance p from the nucleus is related to the brightness
by

4ns‘i'.§.(p) N

- (= -y v .8
Noo#e) =olloot = g5+ 0 W, ° (90)
Vv vV v

I

where n is the mean density per crn3 and where L represents the
net path length through the comet along the line of sight. We neglect
the very small contribution Lo the total number of cO™ ivns from the
populations of the vibrational levels v" Z 1 and of the electronic states
A % ang B %2Y,

The last factor in cquation 90 can be written:

Nll V'V

lo
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" Zalﬂ
N 2.

a he v"
) £ 107
f
v Wix F?\.)ZO Z xonC o1 on
v

or

. (91)

On the other hand, combining equationg 20 and 91 and considering that
X is usually negligible for x_n = 1, we see that the average relative

abundances of various molecules can be derived from

v C . ’
Vo Av’v"
which is eguivalent to
a_r_.n
}\-vlvn Z’ v V1
NeS iy n- , —1 . (32)

VYT (ematE) L (VD)

P7 Mvlo Aytyt

Three sets of calculations using the bands {3,0), {2,0), and {1, D)
of cot successively have given very concordant results. Inserting

numerical values into equation 89, we obtain for instance

cot -2 -1 -1

SZO = 0.007 erg cm sec (nsa

; (93)

*
at p = 104 km. Equations 90 and 91 then vield:
4 13 -2
Neat (10" km) = 2.5 X107" cm “.
In view of the uncertainty attached to the use of the visual mag-

nitude w,, two other independent procedures have also been followed

* - -
usa stands for unit solid angle.
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for the calib:;'ation of the comet spectra. On the onc hand, since the
CO+ bands have been connected to the reflection continyum through
the ratic r, dofincd carlicr, the rclative CO' intensities can be
transformed into absolute intensities by mecans of the visual magnitude
of the nucleus (m_\l\r~I = 14 -- kindly communicated to me by Dr. Roemer).
On the other hand, knowing the apparent magnitude of the star LDS 785 A
as well as its spectral energy distribution, and comparing the intensities
obtained under the same conditions of recording {same slit, same gain,
ete. } for a CO+ band anc for the continuum of the white dwaxf at the
wavelength of this band, we can derive the absolute surface brightness
of the comet in the CO+ emission considered, provided that we allow
for the diffcrences in exposure time and in atniospheric extinction,
Table 18 gives the results of the three independent determinations

co™ o+
of S 50 28 well as the corresponding surface densities for CO , NZ-
and CN. derived by means of equations 90 through 92. The necessary
molecular data on "relative transition probabilities" have been taken
from Fraser,' Jarmain and Nicholls (1954), Nicholls (1956), and Robinson
and Nicholls {1960); the f-values are given in Appendix C,b, The estimates
of the mecan densities per cm3, which require the evaluation of effective
path lengths, are rather uncertain in the case of the ions., Conseguently,
it would be preferable Lo quole unly the surface densities, until we have
a realistic model for the ionized part of a comet, which would enable us
to actually calculate L., Nevertheless, since the results of previous
investigalivns were expressed in the form of abundances per cm3, the

present results are also given in this form in table 18. The path length

LCO"’ (as well as LN+) has been taken approximately equal to the
2
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apparent radial dimension of the comet in the light of CO+, which can
be estimated by inspection of Greenstein's spectra and of direct photo-
graphs taken by Rudnicki and Kearns with the 48-inch Schmidt telescope
on the same dates as the spectra, The adopted value is 1.0 X 105 kmn

{about 90% of the light is contained within a radius of 2' or 1.5 X 105

km]}.
As far as CN is concerned it is possible to form a fairly reasonable
estimate of L, for we can assume an ideal, spherically symmetrical
model in which the density is inversely proportional to the sguare of the

radial distance to the central nucleus, as we have seen earlier. It is

clear that

N(p) =7

= nlp)wp . (94)

This shows that, if L. is taken cqual to wp, which is about the case for

4
the value used for LCN (2.3 X10

km), 1 is equal to n{p). The last
row in table 18 contains the final values adopted for the various abun~-
dances., The suﬁace densities as well as ECN are probably correct
within a fa(.‘.tor nf 2 or 3.

It may be mentioned in passing that on the basis of the abundance
determination for CO' and of the results obtained in the study of the
fluorescence excitation of the comet-fail bands, it is possible to eeti~
mate the amount of infra-red energy emitted in the vibration transitions

in the ground state of co' -- essentially in the transition v" =1~

v = 0, whose wavelength is about 4. 6, Of course, we should need to

know ¢q and xi' to determine this quantity. Actually, however, these

two parameters enter the calculation only in the form of their product,
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and it can be seen readily that, when g is large (210}, as has bcen
shown to be the case, this product qxi' remains approximately constant

and equal to about 0,5, Under these conditions one finds that

co’

SIR =7 10—4 erg C?m-z' Sec—l(usa)’-l, {95)

a very large value indeed. The transition probability is much smaller
in the casce of the pure vibration fransition than for the electronic
transition, but this is compensated by a much larger number of emitting
particles. The infra-recé emission due to CN in a bright comet is
probably of the same order of‘ magnitude as the value given in equation 95
for CO+.

Finally, we may try and esvaluate the radius of the nuciecus, Ro’
since we know the magnitude of the nucleus and since we have shown that
the continuous spectrum of Comet Humasonwas a pure reflection con-
tinuum., A remark concerning the latter point seems appropriate.
Several spectrophotometric and pelarimetric studies have established
that, in the comets studied, the continuum was due to the scattering
of sunlight by particles of diameters of the order of 0,54, When such
iz the case, the scattering coefficient is proportional to I\Z, so that
the scattered radiation is redder than the solar radiation. On the other
hand, we have seen in chapter III that the relative intensities of CIO+
bands based on the assumption that the continuum had a spectral distri-
bution identical to that of the sun agreed within 10 to 15% with the values
derived in three other independent ways. Even if we consider only the
wavelength range from about 3800 A [ (4, 0} band] to about 4700 A

f(2,1) band], it seems that, if the scattering were sclective and
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proportional to )\.Z, systematic differences would appear when we con-
sider the successive bands from the (4, 0) band to the (2,1) band., As a
matter of fact, there would be a factor of about 1.5 between the ratios
of the relative intensities of these two bands determined by means of the
cometary continuum on the one hand, and by means of a star on the
other hand, The errors involved in the calibration are certainly smaller
than 50%., Furthermore, a direct calibration of the comet’s continuum
by means of the star LDS 785 A has been carried out independently.
Figure 22 shows the resulting curve together with the spectral distri-
butions of the sun and of the solar light scattered according to the A2
law {Mie scattering). Again we can conclude that the scattering was non-
sclective in the case of the nucleus of Comet Humason (196le).

It we consider this as the reiflection of sunlight by a sphere of

radius R0 and albedo A (= 0,1), we find, from the usual formula

log Ro = 0. Z(me— m&) +log rA - 0.5[log A + log ¢la)] ,

where we take log ¢la) = 0 (because the phase angle was very small},

that

R =6,6 km,
o

This is of the same order as the value found for the nuclcus of Comet
Giacobini-Zinner {Mianes, Grudzinska, and Stawikowski, 1960}, for
instance.

If, on the other hand, it is assumed that the light received from
the central region of Comet Humason was due mainly to the scattering

of the solar radiation by a cloud of particles with diameters a of
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Fig, 22. Energy distribution in the continuous spectrum of Comzt
- Humason {196le), in the solar spectrum, and in the solar
spectrum scattered according to a A% law.
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several microns, the equation

n waZAﬂfO .
—5 5 = wf .
2r-4

whe re fo and foé are the fluxes received at the earth from the sun

and from the comet respectively, yields the total number of grains:

h=2X1018.

If the observed radius of the central condensation (= 2 X 103 km} cor-
responds to the actual radius of the dust cloud, the mcan particle density
is

n=5Xx 10—8cm—3,

and if the specific mass is equal to 2 the total mass of dust is
I = 2 x10*% gm.

it does not seem impossible a priori that the dust grains have a
certain range i sizes and that the predominant size be different in
different comets, This could produce both reddened and unreddened
scatiered continuous spectra. Herc again additional observations are
certainly nceded,

To conclude this section I should like to make a few comments
concerning the forbidden oxygen lines in comets. That the [ OI] 1ines
oiten appear on cometary spectra has been known for a long time but the
origin of these emissions remains uncertain. Arethey purely terréstrial or
is there any cometary contribution? IL is difficult to answer this question

on the basis of low-dispersion spectra because of the blends of the [ OI]
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lines with NH2 or CZ. emissions, The first unambiguous case has been
provided by Comet Mrkos (1957d). Studying high-resolution spectra of
this comet, Swings and Greenstein (1958) have been able to show that the
red doublet (A 6300, A6364) and the green line (A5577) (sce figure 23)
measured on these spectra are undoubtedly of cometary origin. A
similar conclusion has been drawn by Swings and Fehrenbach (1962)
concerning spectra of Comet Seki-Lines (1962c)., Reexamining a series
of low-dispersion spectra taken during the last two decades, Swings
(1962) has found a number of other examples of cometary forbidden
oxygen lines. The ratio IG/IR of the intensity of the grecn line to that
of the red doublet seems to be highly variable; it is smaller than unity

in one comet, greater than unity in another comet,

ISO

\5577

) 6300 \ 6364

in ¢ [
Pa

Fig, 23. Term diagram for the normal configuration of OI,
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The problem of the excitation of these forbidden lines in comets
cannot be solved as vet. The fluorescence mechanism can be ruled
out on account of the low transition probabilities involved., For instance,

in the case of Comet Mrkos (1957d) we have

Io(red)

— ® 0,15 .
1(:2(0,1)

**
If we introduce this into the following equation :

1
}WCZ} Iczm,L) E:YV' CZCH3P—1D) o

we obtain

Even if the estimate of 'ﬂ(CZ) given by  ecuation 85 were overesti-
mated by a factor of 10 the corresponding value for N{Q} would be much
too high to be acceptable.

The [ OI] lines may be excited by electron cc;llisions. It is also
possible that the oxygen atoms are formed in the excited states 1D
and /or 18 by photodissociation of 02. If we assume that a steady state
is achieved and if we consider only transitions produced by electronic
collisions and, among them, only those transitions fhat bave non-neg-
ligible probabilities for reasonable values of the electronic density and

témperature (humerical values have been given by Reray-Battiau {1962) )

2 ‘s .
The transition °P - 'S can be disregarded completely as far as the
fluocrescence is concerned.
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NpEpp = planp ¥ Dppt tlghqy (96)

NplApp + Dpp) = RpEpp t NAgh {97)

where the A's are the spontaneous emission rates, and where DDP
and EPD are the collisional deactivation rate and the coilisional
excitation rate for transitions between the 3P and 1D states.
Equations 96 and 97 are consistent with each other only if hS is very

small, which can be shown to be the case, Under these conditions,

we have

;D A E+PII)) : (98)
P DP DP
For a reasonable value of the electronic temperature (Te = 10"1 OK)
equation 98 becomaes
h P
= = 4Xx107°E (99)
r

On the other hand, the fluorescence calculations for the C? molecule

show that
» 1 8
0 -
( ‘o ) ~ 3 X%O ’ (100)
v U T
n C
5, 2

so that if we observe the ratio Io(rcd)/lc {(0,1) in a cometary
2

&

To be sure, in order to be rigorous we should consider the spatial
variation of the various guantities considered here, but we have no
model that would enable us to do so at present.
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*
spectrum , we can derive the relative abundance h{O)/n(Cz) by means

of:

. I _{red) 8
o) .0 _ 1o
R(C,) ~ T, (0,1) ’ (101)

2

rn
e

which will be valid if the [ OI] lines are cxcited by clectronic collisions,
When this is the case the ratio IG /IR ig always appreciably smaller
than one for any reasonable set of values of T_and n_ (Remy-Battiau,
1962). If cases in which IG/IR> 1 do really exist their interpretation
will probably require photodissociation processes to be considered

as well (or photoicnizations followed by dissociative recombinations,
which is equivalent). Unfortunately, the rclevant probabilities are not
imown. However, the existence of such cases can be doubted, as will

be seen shortly,

Very recently Bicrmann and Trefftz have made use of the
remarks by Swings (1962) concerning thc intensities of | OI] ' lines in
cometary spectra in order to construct comet models in which chemical
reactions occur according to these authors. By means of very simple
considerations equivalent to the rcsult expressed by equation 101 for
instance, Biermann and Trefftz conclude that the total amount of gas
contained in a cometary atmosphere is much larger than usually assumed,
From the ratios I O/IC observed in somc particular comets they derive

2
h(O)/n'(CZ) and then from the wvalue of h(CZ} given by Wurm for a rather

%
The observed intensity ratio, of course, to be corrected for the possible
contributions of [ OI] lines of telluric origin.
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bright comet (HO = 4) they derive Nn{0). Now at least two objections
can be raised against such a procedure. First of all, it should be
noted that the remarks made by Swings concerning IO/ICZ are of a
purelyl qualitative nature. On the other hand, the value of h(Cz)
" used by Biermann and Trefftz may be rather different from the actual
values corresponding to the particular comets under consideration and
corresponding to the positions of these comets when they were ob-
sérved. Furthermore, the results of Biermann and Trefftz's model
computations are, of course, rather sensitive to the abundances
of the reagents. For instance, the total production of CO+ and the
" surface density of CO+ depend on the product of the values adopted
for the parameter Qo/v0 for the two types of "pé.rentf' molecules.
QQuantitative observations of the dimming of stars by cometary atmos-
pheres as well as spectra of stars seen through cometary atmospheres
would provide valuable information concerning the total gas densities
in comets. Another DbservatiOnai test which, at first sight, might
seem interesting in this connection would consist in looking for possible
coliisional effects in the central regions of the coma: if the densities
were high enough the results of the fluorescence calculations could be
appreciably modified, Unfortunately, such high densities would, of
course, be restricted to the immediate neighborhood of the nucleus and
the effects of collisions would be masked because of the large optical
thickness,

Finally, it should be mentioned that some doubts can be
formulated as to the cometary origin of the forbidden oxygen lines in

some cases. Let us examine for instance the series of spectra of
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Comet Bester {1957k or 19481} reproduced in Swings and Haser's Atlas
of Represcntative Cometary Spectra (Plate III) and to begin with let us
consider spectrum number 9, which corresponds to r=1,3 A, U, .
Adopting the visual magnitude given by Beyer {1950) and using a formula
similar to equation 80, we obtain the surface brightness of the comet at
105 km from the nucleus in the light of the (0, 0) band:

C
g 2

Qo

2 1

r 3 XlD_‘& erg cm sec-l(usa)_ .

On the other hand, the brightness of the night-sky [ OI] A5577 line is
(Sé)) = 10_4 erg cm_zsec-l{usa)_l
o

for the conditions of observation of the spectrum under consideration
[Qhamberlain, 1961; Swings and Page, 1950). Although these evaluations
are far from being accurate, it seems that the two brightness in question
are of the same order of magnitude -~ cspecially since the brightnesa
of CZ(O’ 0} has been slightly overestimated owing to the fact that the
contribution to the continuum has been neglected. Since the intensity

of A5577 is comparable with that of CZ(O,O) at 105 km on the spectrum
mentioned above, we can conclude that this forbidden oxygen line is

of terrestrial origin. Moreover, this conclusion is confirmed by

the uniformity of the 5577 line on spectrum number 9. It is diffi-
cult to estimate relative intensities from an inspection of the spectra

of the same comet at smaller heliocentric distances, for the se spectra
are so dense on the available reproductions, Nevertheless, it may be
pointed oui that if, for instance, at r = 0.81 A. U, (spectrum number 2)

the comet was about three times brighter than at r =1.3 A, U,, the
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night-sky A5577 line was itself five times stronger because spectrum
number 2 was taken much closer te the horizon than spectrum number
9. Thus, it is possible that the green line be purely telluric here again.
The observed gradient could, of course, be explained by the super-
position of Cz{l, 2}. Similar considerations apply to Comet Van Gent
{19414 or 1941 VIII) whose specira also show a rather strong grecn

line.

The opinion expressed in the preceding paragraph can be re-
inforced by the following remark. If we compare a number of spectro-
scopic observations of the night-sky* with the cometary spectra discussed
above and if we allow, as much as possible, for possible differences in
the conditions of observation in the varicus cases {f-ratic of the telcscope,
spectral dispersion, emulsion type, zenith distance, exposure time}
we can see that it is quite possible indeed that the strongest emission
of the night-sky, A5577, was recorded on the above-mentioned cometary
spectra. Furthermore, the observations show that, as far as the night-
sky emissions are conccrned, A5577 is always strongoer than A6300
and that it is sometimes as much as five times stronger. This, in
turn, furnishes onc further argument in favor of the existence of for-
bidden oxygen lines of cometary origin when the red doublet is obscrved
to be stronger than the green line and when twilight effects can be ex-

ciuded.

It will be necessary to obtain additional high-resolution

E
See e. g. Blackwell, Ingham, and Rundic (1960}. where a list of refer-
ences to carlier observations can be found,
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spectra of comets if we are to establish or to disprove the existencc

of cometary forbidden atomic oxygen emissions such that IG/IR> 1,
This seems to be an important point because the difficulty of explaining
such cases is considerable, On the other hand, while we are waiting
for suitable comets to come to our neighborhood, it would be desirable
that we make a quantitative analysis of the existing material, for this
would enable us to test the validity of Biermann and Trefftz's models

mentioned earlier.



CONCLUSIONS

The resonance fluorescence produced by solar light is a very
efficient mechanism for exciting molecular emissions in comets. It
has been shown here that the cometary emissions due to the NHZ
radical and the CO+ molecular ion are caused by this process in the
same way as those of the hydrides, the cyanogen radiczl and the C'.Z
molecule. Thus, it may certainly be said that all the moliccular emis-
sions observed in cometary spectra are produced by resonance
fluorescence.

On the other hand, the study of the resonance-fluorescence
excitation process in comets has now reached a stage of refinement
in which not only first order effects, like those of the Swings mechanism,
but also second order effects, like the Grecenstein effect, .can be analyzed
in great detail. Significant progress, which could throw some light
on the problem of the structure of comets, will be possible in this field
when a series of high-resolution spectra of comet heads and tails,
taken with very long slits, have been studied carefully by means of
steady-state equations whkich include the effect of the solar absorption
lines. Such studies should make use of solar intensity tracings of very
high accuracy like those sccured very recenily by members of the stafl
of the Astrophysical Institute of the University of Lidge at the
Jungfraujoch Scientific Station.

While the interaction between comcetary atmosphercs and the

electromagnetic radiation from the sun has been established beyond any

doubtf, the question of the correlation of fluctuations in the brightness of
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comets with solar activity through the action of corpuscular streams
seems to remain somewhat controversial. Of course, the anisotropy
of the fluctuations in the solar corpuscular radiastion field tends to
make the number of observable effects rather small, On the other
hand, if cases are observed in which important cometary brightness
fluctuations occur which are not connected with any solar phenomenon,
as has been the case for Comet Humason (196le) (Roemer, 1962), then
it is possiblc that processes having their origin in the comet itself are
responsible for the changes ir brightness and appearance, * A similar
view has been advanced recently by Wurm concerning the ionization
me chanism (Wurm, 1962).

An important distinction can be made between the interactions
of the cometary molecules with the solar light on the one hand, and
with the solar corpuscules on the other hand, as far as the time scales
involved are concerned. The lifetimes Tobs for absorption of solar

light in the visible or photographic regions of CN, C CO+, ce. are

2,
found fto be of the order of 10 to 100 sec at a distance of 1 A.U., whereas

the time scale associated with collisional processcs,

T = {nvo)

coll

is about equal to or greater than 106 to 107 sec at the same heliocentric
distance, if we adopt the most recent values for the flux of selar particles
fnv = 3 X '[08 cm-zsec-l) and take o = 10_15 cmZ, We see that the ab-

sorption processes are very fast as compared with collision phenomena

Unless the fluctuations observed in these cases can be entirely explained
by variations in the solar corpuscular flux which might possibly occur
to some extent even under normal, quiet conditions.
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involving the solar particle fluxes encountered under "normal" conditions
{not in strong bursts). As a result, it seems very likely that the steady-~
state conditions which are assumed to prevail, in the treatment of the
fluorescence problem, are indeed readily established in comets, unless
some unknown processes occurring on & very short time scale destroy
this steady-state. This tells us, in turn, that if no such rapid process
exists, any peculiarity in the distribution of molecules like co' among
their internal cnergy states that might be brought about at the time of
their formation will be masked. Thus, it is not in the relative intcn-
sities of the bands of a given constituent, but rather in the relative
intensities of the emissions of a constituent with respect to those of its
"parent” that one should look for some clues to the mechanism of
formaticn of this constituent, For example, it would be very interesting
to be able to compare CO (which should have cometary emissions in
the rocket ultraviolet) to CO+, CN to CN+ {(UV), especially if we
could combine this with a theory which would predict the ratio of the
number of molecular ions of a given kind to that of the corresponding
parent molecules in terms of known cross section,

Many additional observations and many additional theoretical
developments will be required before we achieve a full understanding
of the cometary phenomena, In particular, the importance of "mono-
chromatic" observations could not be stressed too muchk, Such obser-
vations will he necessary in arder ta test or to back np some of our
ideas concerning the shapes of the comaec and concerning the particle

distributions in these cormnae. On the other hand, we know very little
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about the cometary plasma and about its interaction with solar corpus -
cular streams, and the comet taile seem so relactant to betray the
secrets of their often spectacular and so varied behavior.,

Finally, I should like to express the wish that the rather recent
revival of the interest that is taken in the field of comeotary physice be
continued, not only for the sake of this field itself, but zlso for the
possible profit of the various otker fields with which it is connected,
from the study of the interplanetary medium to low temperature Physics,

to plasma physics, and to spacc research.



-184-

APPENDIX A

ROTATIONAL LIFETIMES IN THE GROUND STATE OF CN

The probability A

(see Figure A below) in a

transition probabilities A

of the transition.

of the pure rotation transition K — K -1

22 state can be obtained by combining the
rot (1)

rot (2)

and AK of the two components

We have (Herzberg, 1950):

3 1
K (K + <)
rot (1) _ 2
2 1
K™K - <)
Af{"t (2) ¢ x —-—-—2-—-~2— , (A2)
with
5i2 4 23
C = ————-—-—h" B (A3)
T
K ) /ff'Vz
1a) A~ 2
£1} -’f"?}z
K-1, ¥ K=

Fig. A. Pure rotation transition in a 2% state
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If N is the total number of molecules in an enclosure in thermal
equilibrium the intensities of the two components of the K — K -1

transitions are (in emission):

_ BE(K+)hc
L =Q° N+ 2(K+1)e kT arot {1)
K
and _ BK(K+H)he
_ . . T rot (2)
L, =0« N+ 2Ke AT ,

Q being another constant, On the other hand, if the two components
are lumped together, thc intensity of the rotational line will be written

CBR(K +1)

I=Q-" N-2(2K + 1)e kT A;‘;"‘ .

Since I = I1 + 12, we obtain

rot (1) rot (2)
2{K+1)A K + 2K A K

rot _
Ag o = 2K F1)
or
rot C K4 y
AK = '—2->< =1 R {A4d)
K +-§

Hunaerts {1959b) has written

1 4
(I + )
rot (1) _ 2
Ak TS X 3®ED (A5)
. (K - 1)
rot {2) _ 2
AK =G X — (46)

instead of equations Al and A2, Xquations A5 and A6 are incorrect

because the wave number of the rotation transition has been expressed
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in terms of J instead of K and because two different numerical values
have becn used for the same quantity C glven by cquation A3.

The lifetimes computed from equation A4 are given in table Al.
The constant C has been evaluated on the basis of the value of the
paramecter Rl given in chapter II, The numerical values given here
for Trot(K} should not be considered as accurate, as they are based
on the assumption that Trot(Ki) = Tabs{r). The third column in table A
contains the keliocentric distance at which this relation is satisficd, It
should be noted that 'rabs(r) includes the absorptions both in the violet

and in the red system of CN,
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Table A. Rotational lifetimes in the ground state of CN

K 'Trot(K) (sec) r (A.1.)
1 135000

2 14000

3 3900

4 1600

5 800

6 460

7 290 5.6
& 195 4,6
9 135 3.9
10 97 3,3
11 Ta 2.8
12 55 2.5
13 43 2. 2
14 35 1,94
15 28 1,75
16 23 1,60
I7 19 1.46
18 16 1,33
19 14 i.22
20 12 1.12
21 i0 1,05
22 8.5 0. 96
23 7.5 0, 90
24 6.5 0. 85
25 6.0 0. 79
26 5.5 0, 74
27 4, 8 0,70
28 4, 3 0.67
29 3.8 0. 64
30 3.5 0, 61
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APPENDIX B
RELATIVE POPULATIONS OF THE ROTATIONAL LEVELS
IN THE GROUND STATE OF CN IN COMETS AT VARIOUS
HELICCENTRIC DISTANCES
The following table gives the distribution of populations of the

rotational level in the electronic ground state of CN <calculated by
mecans of the stcady-state equations describing the fluorescence excited
by the solar radiation at 20 different hcliocentric distances ranging from
0.21to 4.0 A, U. These distributions are correct in first approximation
only, as they disregard the effects of Fraunkofer lines on individual
rotational lines. Although they apply strictly to the B 22+-— X22+
transition of CN, the results tabulated herc can be used, with appropri-
ate modifications concerning molecular characteristics, in other situ-
ations in order to obtain a rough idea of how the relative distributions

vary with these molecular characteristics, and with heliocentric

distance for a given molecule.
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Table B. Relative populations of the rotation levels of the ground
state of the CN radical in comets for various heliocentric
distances (r in A, U.)

10
12
14
16
18
20
22
24
26

28

0.2

0.00141
0,0043
0.0071
0.0099
0.0128
0,0156
0.0184
0.0212
0.0240
0.0267
0.0295
0.0320
0.0347
'0.0369
0.0394
0.0414
0.0436
0. 0450
0.0469
0.0476
0. 0491
0.0489
0.0501
0.0485
0, 0498
0.0462
0.04386
0.0411
0.0477
0,0316

0.3

0.0018
0.0053
0.0089
0.0124
0.0160
0.0195
0.0230
0.0264
0,0298
0.0331
0.0363
0.0393
0.0421
0,0445
0.0467
0.0484
0.0498
0.0505
0.0508
0,0504
0.0494
00,0477
0.0457
0.0428
0.0400
0.0359
0.0332
0.0273
0.0275
0.0155

0.4

0.0022
0,0067
0.0111
0.0156
0.0200
0.0244
0.0288
0.0330
0.0371
0.0410
0, 0447
0.0479
0,0507
0.0529
0.0544
0. 0552
0.0551
0.0542
0.0524
0. 0497
0. 0463
0,0423
0.0378
0.0329
0.0281
0.0233
0.0191
0,0146
0.0124
0. 0060

0.5

0.0027
0.0082
0.0137
0.0191
0.0245
0.0299
0.0352
0.0402
0.0450
0.0495
0.0533
0. 0566
0.0589
0.0603
0.0606
0.0598
0.0577
0.0544
0.0502
0.0451
0.0394
0,0335
0.0277
0.0221
0.0171
0.0128
0.0093
0.0064
0.0046
0.0020



10
12
14
16
I8
20
22
24
26

28

0.6

0.0033
0.0098
0.0163
0.0228
3,0292
0.0355
0.0417
0,0476
0.0bH29
0.0577
0.061¢
0. 0643
0. 0659
0,059
0.0644
0.0613
0.0568
0.0511
0. 0446
0.0376
00,0306
0.0241
0.0182
0.0132
0,0092
0,0062
0. 0040
0.0024
0.0015
03,0006
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Table B Continued

0.7

0,0038
0.0113
¢, 0189
0.0264
0.0339
0,0412
0.0482
0.0547
0. 0605
0.0653
0.0689
0,0708
0.0710
0. 0692
0., 0654
0.0599
0.0530
Q,0452
0.0371
0.0292
0,0220
0.0159
0.0109
c,0072
C. 0045
0.0027
0.0015
0,0008
0.0004
0.0002

G, 8

0. 06043
0.0129
0,0215
0.0301
0.0386
0, 0463
0.0546
0.0617
0,0677
0,0723
0,0752
0. 0758
0,0742
0.0701
¢, 0640
C. 0561
0,0472
0.0379
0.029t
0.0213
0,0148
0.0098
0.0062
00,0037
0.0021
0,0011
0. 0006
0.0003
0. 0001
0. 0000

0.9

0.0048
0,0145
U, 0241
. 0337
G.0432
0. 0523
0,0¢€08
0.0683
0.0744
0.0785
0.08€G3
0.0793
0.0756
0.0691
0.0606
0. 0507
0.0404
0.0305
0.0219
0.0149
2.0095
0.0058
0,0033
0.001¢&
0.0009
0.0004
¢. 0002
0.0001
0.0000
0.0000



10
12
14
16
18
20
22
24
26

28

1,0

0. 0054
0.0161
0.0267
0.0374
0.0478
0,0577
0.0668
0.0747
C,0805
0.0839
0.0843
. 0814
0.0753
0.0664
0.0558
0.0444
0.0334
C,0237
0.0159
0.0100
0. 0059
0,0033
0.0017
0.0008
0,0004
0.0002
0, 0001
0. 0000
0. 0000
0.0000
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Table B Continuesd

1.1

0,0059
0,.0176
0.0293
0.0410
0,.0523
0.0631
0.0727
0.0807
0, 0861
0.0885
0,0872
0,082l
0.0735
0.0625
0.0502
0,.0379
0.0269
0.0179
0,0112
0.0065
0.0036
0.0018
0.00609
0.00604
0.0002
0.0001
0, 0000
0. 0000
0. 0000
©. 0000

1.2

0. 0064
0.0192
0,0319
0, 0446
0, 0568
0., 0683
0.0784
0. 0863
0.0912
0,0922
0, 0889
0,0815
0.0706
G, 05677
0. 0442
G, 0317
G.o0z212
0.0132
0,0677
0.0042
0.0021
0.0010
0.0004
0. 0002
0.0001
0.0000
0. 0000
0. 0000
0. 000C0C
0. 0000

1.4

0,0074
0.0223
0.0371
0.0517
0.0657
0.0785
0.0892
0.0965
0.0994
0.0971
0.0894
0,0773
0.0624
0.0468
0.0326
0.0210
0.0125
0.0069
0.0035
0.0017
0.6007
04,0003
0.0001
0.0000
0.0000
0, 0000
0, 0000
0,0000
0,0000
0, 0000
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10
12
14
16
18
20
22
24
26

28

1.6

0.0084
0.0253
0.0422
0.0587
0.0744
0,0883
0.0991
0,1052
0.1053
0.0989
0.0865
0.0702
0.0525
0.0361
0,0228
0.0132
0.0070
0.0034
0.0015
0.,0006
0, 0002
0.0001
0. 0000
0. 0000
0. 0000
0. 0000
0. 0000
0, 0000
0.0000
0, 0000

~192-

Table B, Continued

1.8

0.0094
00,0284
0.0472
0.0657
0,0829
0.0976
0.1080
0.1122
0,1088
0.0979
0,0811
0.0615
0.0426
0,.0268
0.0154
0, 0081
0,0038
0.0017
0.,0007
0.0003
0,0001
3.0000
0.0000
0, 0000
0.06000
0, 0000
0.0000
0. 0000
0.0000
0.0000

2.0

0.0105
0.0314
0.0522
0.0725
0,0912
0.1064
0.1159
0,1176
0.1101
0.0946
0,0739
0.0524
0.0335
0, 0194
0.0101
0.0048
0,0021
0.0008
0.0003
0.0001
0. 0000
0.0000
0. 0000
0.0000
0. 0000
0. 0000
0. 0000
0. 0000
0. 0000
0. 0000

2.2

0,0115
0.0344
0,0572
0.0793
0,0992
0.1147
0,1229
0,1213
0,1095
0,0896
0,0660
0.0436
0, 0258
0,0138
0.0066
0,0029
20,0011
0.0004
0.0001
0. 0000
0,0000
0.0000
0.0000
0,0000
0.0000
0,0000
0,0000
0.0000
0. 0000
0.0000



10
12
14
16
18
20
22
24
26

28

2’4

0,0124
0,0374
C. 0622
0.0860
Cc.1071
0,1224
0.,1287
0.1236
0.1072
0,0834
0.0578
0,0357
0.0196
0, 0096
0.0043
0.0017
0. 0006
0,0002
0.0001
0. 0000
6, 0000
0. 00C0
0. 0000
0, 0000
0. 0000
0. 0000
0, 0000
0.0000
0, 0000
0, 0000
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Table B Continued

2.6

0.0134
0.0404
0,0671
0.0926
0.1146
0.1296
0.1336
0.1244
0.1035
0.0764
0,0499
0,0288
0.0147
0.0067
0,0027
0.0010
0.0003
0,0001
0.0000
0.0000
0, 0000
0, 0000
0, 0000
0.0000
0. 0000
0, 0000
¢. 0000
¢, 0000
¢, 0000
g, 0000

3.0

0.0154
0, 0463
0.0768
0,1056
0.1290
0,1421
0, 1401
0.1222
0,0933
0.0620
0. 0360
0,0183
0.,0082
0, 0032
0,0011
6.0604
0. 0001
0, 0000
0.0000
0. 0000
0, 0000
0. 0000
0.0000
0.0000
0. 0000
0, 0000
0. 0000
0. 00090
0.0000
0. 0000

4.0

0.0202
0.0608
0.10006
0.1363
0.1599
0.1624
0.1403
0.1021
0.0625
0.0324
0.0144
0,G055
0.0018
0.0005
0, 0001
0.0000
0.0000
0.,0000
0.0000
0. 0000
0. 0000
¢. 0000
0.0000
0.000C
0.0000
0,0000
0,0000
0,0000
0.0000
0. 0000
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Appendix C

a. Relative transition probabilities for pure vibration transitions in

the ground state of CO+

The relative transitions probabilities for pure vibration transi-

1 —
tions v2 vl

ing to the so-called Morse potential used to describe the nuclear vibra-

can be derived by means of the wave functions correspond-

tions in the electronic ground state of a molecule {Morse, 1929):

_ -z/2 b/2 . b
Rv(r) = Nve % LK—v-I(Z) . (Cl1)
with
~a{r-r_)
Z = Ke ¢ F
“e
K= ’
(w %)
o= ZTT(-%E:E) {m % )1/2
h - e’e ?
b=K-2v -1
N = (Qb(v)! ' l/zeivb
- (me) =
and wherc the L?{-v—l arc associated Laguerre polynomials. On the

other hand, it can be verified that, in the region of r (internuciear
distance) where the vibrational wave functions corresponding to the
grojnd state of CO+ are apprecia_tbly different from zero {i.e. in an
interval of about 0,2 A centcredon r = re), the electronic dipole
moment can be considered to be linear in r, on account of the simi-

larity between the molecular characteristics of the ground states of
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COand CO™:

p=0,1+p'€ Debye, (C2}
where p' is a constant and § = —;— - 1. Indeed, in the casc of CO
we have {Mulliken, 1934): ©

w=0,1+ p‘cog + p;':ogz Debye , {C3)

and ”%30’ “E:O are such that, in the interval (-0,1, + 0.1} of &
(re =1.128 13&), the ratio of the quadratic term to the linear term in
equation C3 is always less than 0,004, Thus, it is a good approxima-

tion to write for the matrix element (vz. vl):
(Vz’ V]_) ac Ll‘vzg ll-’vl 3

since the wave functions Cl form a complete set, Then, it can be

.shown that
(voovi) > N N G ,
2° 71 vy > VZVI
with
1
u I'K-1-0) 1.
Z IR C(VZ’ Vi o)g{K-1-0c) .

The expressions for C(VZ’ vy o) and g(K-1-o) have been given in a
paper by Fraser and Jarmain (1953). Actually, the numerical results
that we need have been given by Rosenthal {1935). The vibrational
transition rates required in chapter III are found to be very nearly in

the ratios:



On the other hand, the rates for transitions with Av = 2 are of the order
of or less than one percent of those for transitions with Av =1, It may
be mentioned that the final solution of the computations of the fluores-
cence of CO+ described in chapter Ill is rather insensitive to the pre-
cise values adopicd for the relative DV“' w1 the main factor which
determines the xv,,-distribution being the parameter g, which is a
measure of the absolute strengths of the pure vibration transitions as

compared with those of the absorptions of solar light.

b. The f-value or oscillator strength of a molecular band system

By analogy with the atomic case we can write the reclation between

Einstein coefficient Av'v"’ oscillator strength fv'v"’ relative transition

probability p_; » and electronic transition moment ]RZE
By .2
flllz'—'}_n_g'—_H\IﬂAl'll (C4)
v'v 81T2e2 gy vV v'v
or
.2 P
8T me 1 Tyt wf 2
fV'V" = e st — Y IRQ l s (C5)

3e2h By Kv'v"

u and £ designating the upper and lower electronic states respectively.
{note that fv'v" is an absorption f-valuc). Thus, we scc that fv'v"
may be appreciably different for different bands of a system owing to
the presence of the factor pv’v"/)\v'v” in equation C5. BSince it would

be convenient to have some means of characterizing the whole system by
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a single parameter, we may define

f
£= V'V vV , (CE))

where N is, for imstance, the wavelength of the strongest band of the
system. If the pv.v..'s are "improved relative transition probabilities, "
i. ¢, if they include the effect of variation of IRZJZ | with internuclear
distance, the f-value defined by equation C6 will be completely inde-
pendent of any particular band. An even more convenient quantity to
consider is the product (Nf) itself, as this is rigorously proportional

tu IRz‘E Iz, which is Lhe essential factuor determining the whole strength
of the band system. This would facilitate the comparison of different
systems among each other. With the above definition of f the Einstein
coefficient of spuntaneous emission and the rate of absvrption of solar

light become respectively:

2 2 g, P_r_n
817 S Yyl =
Av'v" = me = 3 (\ 1) (C7)
U Ay
viv
and
2 2
4 2 -
Cign = —5—(pM\"F,)_, «W(XD) (C8)
mc - h

For cxample, (:f)-values and absorption lifetimes at r =1 A, U. are

given in table CIl for transitions in cometary molecules. The necessary
data have been found in papers by Bennett and Dalby (1959, 1960a, 1960b,
1962), Lyddane and Rogers (1941), and Carrington {1959). In the case of

2

-t .
the A ZH - X 7Z  transition of CN the f-valuc has been determined by

using the intensity ratio of the red (2, 0) band to the violet (0,1) band
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observed in Comet Mrkos {1957d) by Dufay and Swings (1958&),

Table Cl. (Af)-values and absorption lifetimes for molecular
transitions observed in comets

Transition E (ng) x9) * Tabs (sec)
cN B%st.x2=sTt 3800 0.100
Acm-x4s? 10930 0,010 7
c, 4 3Hg - x I 5165 0,130 4
ca a’a-x%1 4300 0,021 37
NH A7l - X5 3360 0,026 80
o A’z'-x* 3095 0. 004 1000
co’ a’m-x=t 4260 0.024 25
N; B2zt - x %" 3915 0. 150 8
—

% is expressed in 107 A,

The strength of 2 molecular system is sometimes determined by
measuring the lifetimes of vibrational levels in the upper state against

spontaneous emission, Then, some authors define an {-value by

By -
() = & _u 5 2
8r e £

) (C9)

s Rl

taking an average for T, Although this is not incorrect, it may unfor-
tunately lead to confusion and produce errors in some cases. For one

writes, for instance:



Ay n= 2 2 XY (C10)
which is not exact, as can be easily seen*, or one merely quotes the
f-value as computed from cquation C9 without recalling its definition.
Examples of such crrors or omissions can be found in the literature.
Therefore, before accepting the results of any dete rmination of
abundances, it would be advisable, as a rule to inquire about the validity
of the f-value that has becen used, For instance, the values derivad
for Av'v" {rom equation Cl10 with (f} = 0,002 for the principal bands
of the CO+ comet-tail system differ by a factor of about 3 from the
correct value obtained from equation C7. When the Condon parabola
is very narrow (as in the case of the CN vioclet system e. g.,) {f) is

nearly equal to f{,

+
¢. Rotational line strengths for the A 1 - x 25t transition of CO

Table C2 contains the rotational line strengths SJ' for a transi-
. 2 2 207 a3 ‘ . .
tion “Il{a}) = “Z when the is inverted. They are readily derivable
from the formulae given by Mulliken (1931). The second part of table C2
gives the various values of J' corresponding to a given value of K (= K"},
This correspondance has to be known Zor the evaluation of the sum

occurring in equation 34 (chapter IIf}.

#* A
The relation between f and ({) is:

Av‘vf 1

f= —
Ptll A.

{f)
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Table C2. Intensity relations in the A 21 - x%z" transition

of COT {low K}
(2)

Branches SJ'
P, Py (23" +1)(23" + 3)/32(3" + 1)
ZH]/z - 227 Q. Qyy (23" + 1)3/32J'(J' + 1)
Ry Ra (43'% - /327"
s
P, P, (4712 - 1)/32(3" + 1)
ZH3/2 - 27 Q0 (47'% - 1)(23" + 3)/323(J" +1)
Ry By (29" +1)(2a* + 3) /32"

Correspondence between J' and K for the various branches

Branches J!

3
Fl2r 2 K-3
Pp Py } w. L
Q. Q, 5
Qy Ly 1
R.., R K+ 3

120 B

3

Ry Ry K+
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