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A few considerations concerning the 
Chemical and Physical State of 
Comets. 

By TKos. DEIGlITO~, B.Si'. (r!CT.) 

TRESE visitants to the solar system were originally I'e~nrded 
as OIllens of evil, though the great comct of lO{jli !o'(>('tnll to 
have been regarded as a favourable omen by William the 
Conqueror. In the time of Arist.otle thi'S \\'c're con~ifl(,l'ed 
to be of terrestrial origin and so did not COIlW within the J,('n 
of the astronomer. In 1577, however, Tycho Bra.lw pninted 
out that the observations of the position of the (~Oll1('t of that 
year with reference t.o other stars taken at It i~ mm fjh~cl'\'atory 
at Uranienburg in Denmark were senflihly identi(lal with 
those of an observer at Prag ; and that, hence the ('omet must 
have been much more distant than the :\10011. Since that 
time these bodies have proved a conRtant puz:de to i,strono­
mers, more especially as regards their phYilical condition, 
which forms the.subiect of this paper. 

The physical conditi~n of these bodies pre'lents many 
curious paradoxes .. They are subje<t to the laws of grllvi­
tation, yet parts of them are very strongly repelled £1'0111 the 
Sun. They shine partly by reflected light and arc plntly 
self-luminous. They are of huge extent in space, yet their 
mass is exceedingly small. 

B~fore proceeding further let us recount the physical pro· 
p~rtle3 of comets as we know them. Practically all comet3 
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consist of three parts-the coma, or nebulosity about the heart; 
the nucleus, a bright point which appears near the centre of 
the coma as it approaches the Sun; and finally the tail, which 
is a stream of light following the comet as it approaches the 
Sun and preceding it as it recedes from that luminary, after 
passing its perihelion. Sometimes also the nu~leus seems to 
throw off jets of light and sometimes bright envelopes which 
seem to move outwards through the COIDa in concentric ring~. 

In size comets vary very considerably, the coma being from 
4;0,000 to m()re than 1,000,00'0 miles in diamet"er; but as the 
comet approaches the Sun the coma contracts very consider· 
ably, only to expand again on the cornet's recession. The 
nucleus varies from lOG to 8,000 miles in diameter, while the 
tail may extend for something exceeding 100,000,000 miles 
behind the comet. Many e3timates as to the mass of comets 
have been made, but the only thing we know is that compared 
with that of the Earth the masses must be extremely small, . 
and henee that their density must be infinitesima1. 

From observations by means of the polariscope, spectros­
cope, etc., it appears that the light of comets is partly reHected 
and partly intrinsic. For while they fade away, being yet in 
full view, owing to their becoming too faint to be seen, and 
while their light shows traces of polarisation as it should do 
if reflected, yet it also shows a spectrum which is not the sola,r 
spectrum, and consequently must be due to the cornet's 
possessing a certain amount of intrinsic light. Moreover 
while a comet's brightness varies, as a rule, much as it would 
do if due to reflected sunlight; yet there are many instances of 
Budden, and so far unaccounted for, variations in the bright­
ness of comets; 

The part of a com~t" which always attracts attention on 
account of its curious and unwonted appearance is the tail. 
Why should a mass of matter, even if very attenuated, develope 
such an appendage on approaching the Sun? The researches 

- of Bessel, Norton, and Bredichin seem to show that the tail 
consists of matter expelled from the nucleus and-repelled both 
by the comet and by the Sun. Such a supposition a.ccounts 
for the position, motions, curvature, etc., of the tail. 

But what is this repulsive force? Comets consist oi-matter,. 
and by the law of gravitation all parts of them must be at­
tracted not repelled by the Sun. The explanations which 
have been advanced to reconcile these two apparently contra­
dictory facts are three in number :-Firstly, if we accept 
Maxwell's Electro-Magnetic Theory of Light, it follows that 
light itself must exercise a very minute pressure on all surfaces 
upon which it impinges; and this pressure, althQugh very 
small for objects of !,)ractically a~reciable magnitude, becomes 
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greater than the gravitational attraction in the case uf ~mall 
particles of the order of magnitude of Iight.waves. Secondly, 
it is established that bodies at a high temperature 8l'nd olr 
rays and particles sueh as those projected under normal 
oircumstances from radio-active bodies. Thirdly, Zenker has 
suggested that there might be a greater evall?r~Ltion or s~b­
limation from the sunward surfaces of the partIcles compo~lng 
a comet than from the opposite side and that this WQuhll!<lu5", 

a definite recoil of the particle away from the Sun. 
It will be my object in this paper to enquire into tl~ese 

theories and to see what we can really learn of the ph.r~H'nl 
state of comets from a consideration of their motions and the 
observed phenomena; and I must ask the indulgence, of my 
readers if, in the choice of letters to repl'esellt ecrtam con­
stants, I select those which are familiar to me as a elH'mii't, 
rather than those usually found in trea.tises dealing with the 
matter from a mathematical point of view. 

Maxwell showed that on his Electro-Ma.gnetic Theory, sun­
light, at the distance of the Earth from the Sun, should exert 
a pressure of about 0-4: dynes per square metre of a perfectly 
absorbent surface, or about o-s dynes per square metre of :1 

perfectly reflecting Bunace ; or generally that the mechanical 
pressure per unit surface, due to a parallel pelwil of light, 
normally incident, is equal to the energy per unit volume of 
the luminiferous ether near that surface. Despite the almost 
insuperable difficulties of experiment Lehedew has succeeded 
in proving that in practice" light does exercise a true pressuro 
on a surface on which it is incident; the pressure being twice 
as great for a perfectly reflecting as for a perfectly absorbent 
surface," He found, moreover, that the absolutc magnitude 
of the pressure was equal to that predicted by Maxwell. We 
have, therefore, some right to assume that calculations based 
on this theory are oalculations dealing with perfectly definite 
_a.nd known magnitudes. 

Acoording to Maxwell's Theory, since the energy pcr unit 
volume of a perfectly elastic solid transmitting simple har-

. • 1 (2?1'a)~ b' 
mOnlC waves IS IP -r 0 vlOusly the pressure exerted OIl 

T 

unit surface will be proportional to this, and will in fact be 
equal to the amount of energy transmitted per second through 

f f ' (27Ta)2 
a sur ace 0 umt area = lpv -:;:r ,where P is the density 

of the perfectly ?lastic ~olid. V the velocity of propagation of 
~he waves, a therr amplitude, and T their period. Byas8um­
mg the ether to ,act as a perfectly elastic solid, it is found that 
results a,re obtall1ed by calculation which accord in all parti­
cular~ WIth th~s~ of ~xperiment, and therefore the,assumption 
that It does so IS Justified until the contrary be proved. 
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From the above formula it is clear that the mechanical 
pressure of light per unit area must vary directly as the square 
of the amplitude of the vibrations, provided that p, V and T 
are constant. That is to say, that the density of the ether. 
the velocity of propagation of light waves through it, and the 
period of the waves themselves are constant. The first two 
of these conditions are dependent, for if the density of the 
ether were not constant, then the velocity of propagation 
of light waves through it would also vary'i but as far as ob­
servation goes, this velocity seems to be constant, and we 
may, therefore, assume the density of the ether to be constant 
also. T will obviously be constant if monochromatio light 
only be considered. 

We come, therefore, to the conclusion that for any ray of 
monochromatic light coming from the Sun the pressure will 
be proportional only to the square of the amplitude of the 
vibrations of whioh it consists, and, therefore, since sunlight 
may be considered as consisting of a number of infinitely thin 
monochromatic pencils of various colours in constant' pro­
portion; the pressure exerted by a ray of sunlight will be pro­
portional only to the square of the amplitude of the vibrations 
of which it consists. Hence, since the intensity of illumination 
also varies as the square of the amplitude of the vibrations, 
provided that the velocity of propagation and the density of 
the medium are constant that, therefore, the pressure of ligM 
per unit area, will be directly proportional to the intensity, and 
will, therefore, vary inversely as the square of the distance from 
a point source of light. Thus we have that the repulsion of 
light varies as the attraction of gravitation for this also varies 
inversely as the square of the distance from a point source. 
Hence distance from the Sun cannot affect the ratio of the 
forces of attraction and repUlsion. 

< Since the repulsive force varies as the area of a cross section 
of a particle, while that of gravitation varies, in the case of the 
same substance, as the volume of a particle i it follows that in 
the case of particles of the same substanoe assumed to be per­
fectly reflecting and spherical, the particle will remain at rest 
if fpv=f1s, 

Where I is the solar attraction of unit volume of a Bubstance 
of unit density, p is the density of the substance in terms of 
that taken as the unit in the calculation of the quantity /, 
tJ is the volume of the particle,p is the solar repulsion on unit 
surface and 8 is the area of the cross section of a particle. 
Substituting v and 8 in terms of r the radius of a panicle we 
have:-

fp ! 71rS = p wr S whenoe If t r5 = firs = 0 

and (r' :~ r = 1 ) = 0 whence We have 
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Sf' , = 0 or --
4Jp 

r=O, simply expresses the fact that a point, in I'paf'c iil nf'itht'r 
repelled nor attracted for it has llcitlwf (.'r(J~!oi :-t'ction nor mll.~S, 
Th.e value of if will be obtained by sllustitutiug lilly known 

3/1 3/1 , 
values in r L for JL is a con~tant, c(!l1nl to the mwu8 

4fp 4/ 
of a particle of unit density which \l'ould bl' neither attrtlC!ted 
nor repelled. 

Taking the case of water at the Earth's ditltallee from the 
Sun we have:-

3 X'S x 10-' 
r = h'5926x 1 am,=lOIO tenth'metres, 

So that for all substances we may My that if tl i~ the dill1Ul'tre 
of the particle which will remain at rest llmit'f thl' aclioll of 

these, two forces, ;O~ tenth-metres where p is the specific 

gra.vity of the substance. 
The question which next arises, is, can the }lllrtidt'fI which 

compose the tail of a comet be smaller than this ('I'itk-al \"1L1I1C ! 
And fortunately physical chemistry is able to anf-war t.bili 
question for us. The methods and arguments are not ntl 
perfect and rigorous as those one is IlAlcustomed to find in 
astronomy i but results obta.ined from consideration of the 
critical equation of condition derived from Van dor Waals 
equation, those derived from tlNl dielectric constant from the 
mean free path of the molecules, from specific refraction, and 
from the ionic charge, all agree as regards the order of nlllgui. 
tude of the molecules ;' and we can say tha.t for Bimpll' bub­
sta.nces their diameters fall in the units of tenth·iU('tres. 
Hence they are of lJ, size to be repelled by the light of t1w ~l1n 
much more than they a.re attracted by the Sun itself. 'rhus 
if no other factors intervened we shotlld have t,he particles 
of the tail of a comet repelled from the Sun at all parts of the 
bomet's orbit, provided that they were gaseous, and the 
magnitude of the resultant of the forces of attra.ction and 
repulsion would vary inversely as the square of the comet's 
distance from the Sun. There are, however, fa.ctors which 
interfere with this arrangement. 

Even if the attraction of the Sun were greater than the 
repulsion of its light on the small particles, these would tend 
to leave the comet and describe hyperbolic orbits round the 
Sun, and Bredichin has put forward an hypothesis as to the 
chemical ~omposition of the, tails of comets according to the 
sha.pe, ~hioh they, ~sume ill their passage round the Sun. 
He. diVldes the tails ~to three olasses. fliz :-Hydrogen tails, 
which are almost at,rrught ; Hydrocarbon t.ails, which are moro 
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curved; and Iron tails, which are short very much curved 
brushes. He concludes that these three types of tail consist 
of the substances named, because he assumes the repulsive 
force to be a surface action, and that therefore the accelerations 
produced would vary as the mass, i.e., as the molecular 
weights in the case of gases. 

There seem to me to be two objections to this theory. First­
ly, Bredichin finds that the accelerating force in the case of the 
tails of the Hydrogen type is from twelve to fifteen times that 
of the gravitational attraction, while in the case of tails of 
the Hydrocarbon type the repulsive accelerating force 
varies from 2' 2 on the convex edge of the tail to 1'1 times the 
attraction on the conca~e edge. Thus, since the molec,ular 
weight of Hydrogen is 2, the molecular weights of the Hydro-

carbons of which these tails consist must lie between 2 x ~.~ 

and 2 x ll~~ ,i.e., between II and 28. Now there is no Hydro­

carbon of molecular weight II, the lowest being Methane with 
molecular weight 16. Consequently we a.re unable to account 
for the observations on this hypothesis, unless we assume 
some amount of dissociation to have taken place,' in which 
'case of course the prediction of the consistency of a tail 
from its form becomes impossible. There are, moreover, 
only three other Hydrocarbons whose molecular weights fa.ll, 
even approximately, within the prescribed limits, viz:­
Acetylene 26, Ethylene 28, and Ethane 30, and these being 
all round about 28 we are at a loss to account for the central 
parts of the tails of this type on Bredichin's the<?ry. 

The second objection is that if the theory be correct, then all 
molecules must be of the same size. Now it seems almost 
inconceivable that molecules of Hydrogen, which consist of 
two atoms of -that element, should be of the same size as 
molecules of Ethane, which consist of two atoms of Carbon 
and six atoms of Hydrogen. We can, however, advance more 
cogent reasons than this by-actually calculating the volumes 
of the atoms of a number of substances. 

As this paper is intended for the eyes of students of astro­
nomy rather than of physical chemistry, it may add to _the 
conviction it carries if I indicate first of all the method by which 
these values are to be calculated. 

Van der Waals, by making ~erta.in approximate asSun:lp­
tions, was able to give an equation of condition, which' agreed 
much better with the observed phenoItlena than the ordinary 
fill =RT. The equation of Van der Waals was:-

- ( +.-;~) (V--b) =RT _ 
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Where a represents the molecular attraction, and !J four 
times the volume occupied by the molecules thell1selvt':'I, th~t 
is the smallest volume the gas could be made to ot'<~ll py If 
subjected to infinite pressure. 

Now from the above equation we have:-

VS-(b + RT) v9 +~v _ ab =0 
p p p 

And if the roots of this are :-

CI, !3 and 'l 

(V-Cl) (v-B) (v,) =0 

Since the product of the roots is real, if one is imaginary, 
two must be imaginary , and therefore for one value of ]I thpre 
are one or three of v. The limiting point at which the three 
roots of the equation are equal may be found from the isotherm 
()f the critica.l temperature of the gas, that is from the eurve 
()btained by plotting the pressure against the volume for the 
constant critica.l temp~rature of the gas. The value of l' 

found in this way will be the critical volume and the cor­
responding pressure will be the critical pressure. 

Thus a::::B::::'l=¢o 

hence (v-¢o) S =/_ (b+~:o) 
where ~o =The critical volume. 

o ::::The critical pressure. 
90 =The oritical temperature. 

II a 
v+­

?l'o 

all 
"·=0 

o 

whence :-since the coefficients of v must be equal. 

3¢o =b+ R90 and b = blJ'o +R9o :. !b:::: R90 :. b:::: iR~ 
?l'o 911'0 90 ?l'Q 

. 22'42 
Rere R 18 the gas oonstant '0821 = m whence 

22'42 9 9. " • b=i 273,;=1 273 1£ 22'42litres IS our volume umt. 
o 0 

Now if we take b as four times the volume of the molecnlm~, 
which is the value which makes Van der Waals equtttioll 
represent observed facts most nearly, b being calculated fl'om 
independent data, we have :-

~, eo 
11:=12-2"'3 

I r d 

Where x is the fraction of the volume of the gas a.t. normal 
telllperature and pressure occupied ?y tb~ molecules. 
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Hence since we know that the number of molecules in I c.c. 
of any gas at N.T.P. is 3'5 x lOa approximately, the volume 
of a molecule may be calculated. 

I append a table showing the volumes of the molecules of 
various substances of which I have been a,ble to obtain the 
critical data :-

Substanoe. VolUIr\8 of Molecule. Ra.tio. 

Hydrogen 7'14 x 10-24 c.c. 1'0 
Oxygen 9'71 x 10_24 C.c. 12'1} 

Nitrogen 11'71 x 10_24 C.C. 10'2 
Ethane 22'59 x 10- 24 C.C. 7'0 
Ethylene 16'00 x 10-24 c.c. 8'2 
Carbon Monoxide 12'29 x 10-24 c.c. 9'8: 

" 
Dioxide 14'29 x 10·S 4 c,c. 13'8 

" 
Tetrachloride 39''14 x lO-S 4 C.C. 25'1 

Benzene 36'57 x 10-2 4, o.c, 13'3-
Ammonia 11'4'3 x 10.24 O.C. 6'2 

Ether 42'57 x 10-24 c.o. U'S, 

Water 10'57 x 10-24 C.C. 7-0 

* ~lethane 15'00 x 10-24 c.c. s·o 
ThORO figures ena.ble us to co~pa.re the volumes of the moleoules _but their 

probable error is large. 

* rho values for Methane are proba.bly a.bout right, judging from its COnt .• 

po~itiou. I have been una.ble to procure the·mitica.! data of the' gas. 

. If the molecules were all of one size the theory of Bredichin 
would hold, since rx=j/m. The variation in size, however, 
causes the factor f to vary as 'lit, for f varies as r 2 whereas II 

varies as r S m is in this case the molecular weight of the gas, 
and is therefore constant. In the third column of the accom­
panying table the inverse ra.tio of the repulsion to that of Hy­
drogen, measured by the accelerations produced has been 
entered. 

These figures are interesting a,s tending to show that tile con­
vex edge of a cometary tail of the second, that is- the Hydro­
.carbon type, consists more probably of carbon monoxide the 
spectrum of which resembles that of the lower Hydrocarbons. 

I leave a discussion of the composition of the central and 
'Mncave portions to a future occasion. 
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