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A few considerations concerning the

Chemical and Physical State of
Comets. :

By Tuos. Degurox, B.Se. (Vier.)

THESE visitants to the solar system were originally regarded
as omens of evil, though the great comet of 1065 seems to
have been regarded as a favourable omen by William the
Congueror. In the time of Aristotle they were considered
to be of terrestrial origin and so did not come within the ken
of the astronomer. In 1577, however, Tycho Brahe pointed
out that the observations of the position of the comet of that
year with reference to other stars taken at his own observatory
at Uranienburg in Denmark were sensibly identical with
those of an observer at Prag ; and that henee the comet must
have been much more distant than the Moon. Since that
time these bodies have proved a constant puzzle to astrono-
mers, more especially as regards their physical condition,
which forms the subject of this paper.

The physical condition of these bodies presents many
curious paradoxes. They are subject to the laws of gravi-
tation, yet parts of them are very strongly repelled from the
Sun. They shine partly by reflected light and arc partly

self-luminous. They are of huge extent in space, yet their
mags is exceedingly emall,

Before proceeding further let us recount the physical pro-
perties of comets as we know them, Practically all comets
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consist of three parts—the coma, or nebulosity about the head:;
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 nucleus seems to
throw off jets of light and sometimes bnght enve]Opes which
seem to move outwards through the coma in concentric ringg.

In size comets vary very considerably, the coma being from
40,000 to more than 1,000,000 miles in diameter ; but as the
comet approaches the Sun the coma contracts very consider-
ably, only to expand againon the comet's recession. The
nucleus varies from 100 to 8,000 miles in diameter, while the
tail may extend for something exceeding 100, 000 ,000 miles
behind the comet. Many estimates 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 demsity must be infinitesimal.

From observations by means of the polariscope, spectros-
cope, ete., it appears that the light of comets is partly reflected
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 solar
spectrum, and consequently must be due to the comet’s
possessing a certain amount of intrinsic light. Moreover
while & comet’s brightness varies, as a rule, much as it would
do if due to reflected sunlight ; yet there are many instances of
sudden, and so far unaccounted for, variations in the bright-
ness of comets:

The part of a comet which always attracts attention om
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 approachmg the Sun? The rese&rches
" 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 accounts
for the position, motions, curvature, etc., of the tail.

But what is this repulsive force ¢ Comets consist of 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, although very
small for objects of practically appreciable magnitude, becomes
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reater than the gravitational attraction in the case‘uf small

articles of the order of magnitude of light-waves, Secondly,
it is established that bodies at a high temperature send off
rays and particles such as those projected uncier normal
circumstances from radio-active bodies. Thirdly, _Acnker Lias
suggested that there might be & greater evaporation or sgb-
limation from the sunward surfaces of the particles composing
a comet than from the opposite side and that this would cause
a dofinite recoil of the particle away from the Sun.

Tt will be my object in this paper to enquire into these
theories and to see what we can really learn of the physical
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 represent certain con-
stants, I select those which are familiar to me as a chemist,
rather than those usually found in treatises dealing with the
matter from a mathematical point of view.

Maxwell showed that on his Electro-Magnetic Theory, sun-
light, at the distance of the Earth from the Sun, should exert
a pressure of about 04 dynes per square metre of a perfectly
absorbent surface, or about 08 dynes per square metre of o
perfectly reflecting surface ; or generally that the mechanical
pressure per unit surface, due to & parallel peneil 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 Lebedew has succeeded
in proving that in practice “ light does exercise & true pressure
on & surface on which if is incident ; the pressure being twice
as great for & perfectly reflecting as for a perfectly absorbent
surface.” He found, moreover, that the absolute 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 caloulations dealing with perfectly definite
end known magnitudes,

According to Maxwell's Theory, since the energy per unit

volume of & perfectly elastic solid transmitting simple har-
X . a) . .
monic waves is §p L—Ez—) obviously the pressure exerted on

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

& surface of unit area =jov (27”:)2
T

, Where P is the density

of the perfectly elastic solid, V the veloeity of propagation of
the waves, a their amplitude, and T their period. By assum-
ing the ether to act as & perfectly elastic solid, it is found that
results are obtained by caleulation which accord in all parti-
cularg with thgse of experiment, and therefore the assumption
that it does so is justified unti] the gontrary be proved,
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From the above formula it is clear that the mechanical
pressure of light per unit ares must vary directly as the square
of the amplitude of the vibrations, provided that o, V and T
are constant. That is to say, tha/o 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; but es far as ob-
gervation 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 monochromatic 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 which 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 light
per unit ares will be directly proportional to the intensity, and
will, therefore, vary inversely as the square of the distanee 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 & 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 ; it follows that in
the case of particles of the same substance assumed to be per-
- fectly reflecting and spherical, the partmle will remain at rest
if fov=1flg.

Where f is the solar attraction of unit volume of & substance
of unit density, p is the density of the substance in terms of
that taken as the unit in the calculation of the quantity f,
v is the volume of the particle, f* is the solar repulsion on unit
surfaceand s is the area of the cross section of a particle.
Substituting v and sin terms of r the radius of a particle we
have :—

fedart=fTard whencefr$r3i=flr2=0

and (ri i r=1 )= 0 whenoe we have

3ft
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1
r=0or 3

e
r=0, simply expresses the fact that a peint in space is neither
repelled nor attracted for it has neither eross section nor mass,

The value of # will be obtained by substituting any known
1

l »
values in r%—— for %Ji is o constant, equal to the radius

of a particle of unit density which would be neither attracted
nor repelled.

Taking the case of water at the Earth's distance from the
Sun we have :—

_ 3 x-Bx10-4

"= 15926 x1

So that for all substances we may say that if d is the diametre

of the particle which will remain at rest under the action of

am. = 1010 tenth-metres.

these, two forces, 293—3 tenth-metres where ,is the specific

gravity of the substance.

The question which next arises is, can the particles which
compose the tail of a comet be smaller than this eritical value 2
And fortunately physical chemistry is able to answer this
question for us. The methods and arguments are not as
perfect and rigorous as those one is accustomed to find in
astronomy ; but results obtained from consideration of the
critical equation of condition derived from Van der Waals
equation, those derived from the dielectric constant frem the
mean free path of the molecules, from specific refraction, and
from the ionic charge, all agree as regards the order of magui-
tude of the molecules ; and we can say that for simple sub-
stances their diameters fall in the units of tenth-metres.
Hence they are of » size to be repelled by the light of the Sun
much more than they are attracted by the Sun itself. Thus
if no other factors intervened we should have the particles
of the tail of & comet repelled from the Sun at all parts of the
comet’s orbit, provided that they were gaseous, and the

. magnitude of the resultant of the forces of attraction and
repulsion would vary inversely as the square of the comet's

distance from the Sun. There are, however, factors which
interfere with this arrangement.

Even if the attraction of the Sun were greater than the
repulsion of it 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
¢hemica] composition of the tails of comets according to the
sha,pq YVhJCh they assume in their passage round the Sun.
He. divides the tails into three classes, viz :—Hydrogen tails,
which are almost straight ; Hydrocarhon tails, which are more
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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, 7.., as the molecular
weights in the case of gases.

There seem to me to be two objections to this theory. First-
1y, 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 concave edge. Thus, since the molecular
weight of Hydrogen is 2, the molecular weights of the Hydro-

carbons of which these tails consist must lie between 2 x 51?2

and 2 x l_g , 1.e., between 1T and 28, Now there is no Hydro-

carbon of molecular weight II, the lowest being Methane with
molecular weight 18. Consequently we are 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 fall,
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 theory.

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 certain approximate assump-
tions, was able to give an equation of condition, which agreed
much better with the observed phenomena than the ordinary
pv=RT. The equation of Van der Waals wag :—

(+32) (-=2)=2
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Where o tepresents the molecular atbraction, and b four
times the volume occupied by the molecules themselves, th;t
is the smallest volume the gas could be made to ocerupy if
subjected to infinite pressure.

Now from the above equation we have :—
RT a ab

r—{b+—] v 4+-v——=0
P F £

And if the roots of this are :—

«, Band y

(r—a) (—B) (r—y) =0

Sinee the product of the roots is real, if one is imaginary,
two must be imaginary, and therefore for one value of p there
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
of the critical temperature of the gas, that is from the curve
obtained by plotting the pressure against the volume for the
constant critical temperature of the gas. The wvalue of
found in this way will be the critical volume and the cor-
responding pressure will be the critical pressure.

Thus a=f=y=¢,

3 8 2
hence (v—qso) =y — (b+—}.—{~9—°) y +;~ f-ﬂ?=0

7l-0 ° -]

where §,=The critical volume.
,=The critical pressure,
o, =The critical temperature,
whence :—since the coefficients of v must be equal,

A br +RY o, R 8
3¢°—b+—ﬂ_—°-and b————g—;;—- o -gb-'@; e b—éR;‘a
o
Hoero R is the gas constant 0821 = 22-%? whence

L AR R :
b-—%—ﬁ,wo—s TER if 22:42 litres is our volume unit,

Now if we take b as four times the volume of the molecules,
which is the value which makes Van der Waals equation
represent observed facts most nearly, b being caleulated from
independent data, we have :—

_1 ’ o
| TN
Where « is the fraction of the volume of the gas at normal
temperature and pressure occupied by the molscules,



NOS. 4, 5 & 6.] CHEMICAL AND PEYSICAL STATE OF OOMETS." 25

Hence since we know that the number of molecules in I c.c.
of any gas at N.T.P. is 35 x 109 approximately, the volume
of a molecule may be caleulated.

I append a table showing the volumes of the molecules of

various substances of which I have been able to ohtain the
critical data :—

Substance. Volume of Moleculs. Ratio.
Hydrogen .. e T14 x 10-24 ¢, 10
Oxygen w971 x 10-24¢0, 120
Nitrogen ... we 1171 x 10-%4ce. 102
Ethane we 2259 x 10-24ce, TO
Ethylene ... w 1600 x 10-%4ce. 82
Carbon Monoxide we 1220 x 10-24c0, 08

,,» Dioxide we 1429 x 10-24¢c. 138

,» Tetrachloride ... 3914 x 10-%4ce. 251
Benzene ... we 3657 x 10-*4¢co, 133
Ammonia ... wo 11°43 x 10-24¢0. 62
Ether o 4257 % 10-24¢0. 113
Water we 1087 x 10-24¢e. 70
* Methane ... o 1500 x 10-%4pe. 50

Thesn figures enable us to compars the volumes of the molecules bit their
probable error is large.

* [Lo values for Methano are probably ebout right, judging from its com.

position. I have beon unable to prosure the-critical data of the gas.
* If the molecules were all of one size the theory of Bredichin
would hold, singe a=f/m. The variation in size, however,
causes the factor f to vary as o4, for f varies as r? whereas v
varies as r3 o 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 ratio of the repulsion to that of Hy-
drogen, measured by the accelerations produced has been
entered.

These figures are interesting as tending to show that the eon-
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
conoave portions to a future oceasion.
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