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THE INTERSTELLAR ABSORPTION LINES OF
MOLECULAR ORIGIN

By P. SwinGs

ECENT observations by W. S. Adams at the Mount Wilson

Observatory have brought conclusive evidence of the existence
of molecules in interstellar space. Using very high dispersion and
fine-grained plates, Adams discovered several sharp, interstellar
lines due to CH and CN. It is rather interesting to notice that the
conclusive evidence in favour of interstellar molecules came through
the detection of sharp lines, whereas some years ago molecules had
been considered in an attempt to explain the broad, interstellar fea-
tures discovered by P. W. Merrill. Because of the importance of
this problem, it seems worth while to summarize the various investi-
gations which have recently culminated in Dr. Adams’ startling
discovery and to describe the present state of the problem of inter-
stellar matter. )

For a long time the H and K lines of Ca™ and the principal lines
of Na (D,, D, and the ultraviolet pair) remained the only observed
stationary lines. In 1934, Merrill (1) reported the discovery of
four interstellar lines in the yellow and red regions of the spectrum;
the wave lengths of these lines are A\5780.4, 5796.9, 6283.9 and
6613.9; instead of being narrow and sharp, they are somewhat
widened and have rather diffuse edges; no identification was found -
for these lines (2). Since the ultimate lines of all the abundant
atoms and ions are now thoroughly known and since none of them
coincides with any of Merrill’s lines, H. N. Russell (3), in his George
Darwin Lecture of 1935, suggested that they may rather be mole-
cular bands; the fuzzy character of the lines adds some weight to
this hypothesis. Russell concludes: ‘“If the temperature of the gas
is low enough—more precisely if the rotation of the molecules is little
excited—only a few of the band lines observed at room temperature
might appear.”

This suggestion was developed by the author in 1936 (4). As-
suming that the distribution on the rotational levels of the mole-
cules is mainly due to selective absorption between these levels, and
adopting a distribution of stars similar to the one considered by
A. S. Eddington (5) in his discussion of interstellar ionization, the
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order of magnitude of the ‘‘equivalent temperatures T,” (6) was
determined for the rotational levels. For a given molecule, we
actually have to determine the equivalent temperatures corres-
ponding to the pure rotational levels; the rotational lines are always
in the far infra-red, depending upon the moment of inertia I of the
molecule. For example, for CO; (I =70.10"*g.cm.*?), the first ten
rotational lines go from about 10,000x to 1000u. The equivalent
temperature turns out to be very low and for A=1000y, it is only
0.5°K.

In order to get some idea of the maximum width of a molecular
band, the molecule of CO, was considered and a Boltzmann distri-
bution was computed for T, =10°K, T, =5°K and T, =3.2°K. The
calculation shows that the number of observable rotational lines
must be very small; for T =3.2°K, which is still much too high, only
the first three or four rotational lines would appear in the bands,
which means that the widths of these bands would be less than
6 or 7 cm.™?, or approximately 2A near A6000; the edges must be
diffuse. This was of the type observed by Merrill; in any case, it
removed the objection that Merrill’'s lines, though fuzzy, are not
broad enough to be of molecular origin (7).

These considerations had been applied to the example of the
CO, molecule because a coincidence of wave-length had been ob-
served between two of Merrill’s lines and two calculated rotatory-
oscillation bands of CO,. This was, of course, a purely tentative

‘identification, intended to illustrate the general problem; it could

be verified by searching for the two stronger CO:-bands at A\7820-
7833 characteristic of the Venus spectrum. Subsequent observa-
tions by Merrill (8) and also theoretical considerations (9) showed
that the coincidence was probably accidental.

When we consider the populations of the rotational levels, two
cases are possible, depending upon the existence or the absence of
an electric dipole in the normal electronic state of the molecule.
In the first case (CH, CN, etc.), there are strong, selective transi-
tions between the rotational levels (pure rotation spectrum), whereas
in the second (Hs, Os, No, . . .), these transitions are forbidden. But,
owing to the very low density of interstellar matter, it was suggested
that even a symmetrical molecule without electric dipole, may be
able to emit these ‘“‘forbidden’ low-frequency radiations because
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they occur faster than the exchanges of collisional processes. Hence
a low temperature for the distribution of the rotational quantum
numbers is appropriate in most cases; this point will be considered
further on. It was also suggested that, once the identifications are
certain, the determination of the intensities of the rotational lines
will give a direct measure of the temperatures corresponding to the
actual distribution on the rotational levels.

Simultaneously with this paper, Th. Dunham, Jr. and W. S.
Adams reported their remarkable observation of interstellar 7% I1-
lines (10). The ground term of T% II is a*F; but only those transi-
tions which arise from the lowest sub-level, a*Fs/s, were observed,
whereas the stronger lines arising from the higher sub-levels
a'Fs/2, 7/2, 92, were absent; a'F;,, is only 0.012 volt above *Fs/,.
This important observation gave definite evidénce that the for-
bidden transitions between the sub-levels of *F must occur in inter-
stellar space (N\\76u, 103x and 59u). The magnetic dipole probabili-
ties for these transitions are such that the lifetimes of *F /s, 7/2, o/2
are still shorter than the intervals between two collisions or absorp-
tions. Practically all the 74" atoms are in their lowest electronic
sub-level. This conclusion concerning atomic levels is similar to
the previous suggestion concerning molecular rotational states.

Almost simultaneously, Dunham (11) presented evidence for the
presence of interstellar Ca I (\4227) and K I (A\7699) and the Mount
Wilson observers also recorded several sharp, unidentified inter-
stellar lines at A\3934.3, 3957.7, 4232.6 and 4300.3A.

At this stage—in 1937—the unidentified interstellar absorption
features were:

a) several broad lines between A5780 and A6614;
b) four sharp lines in the photographic region.

In 1937, M. N. Saha (12) published the statement that one of
Merrill’'s bands (A6283) was certainly due to the Na, molecule
(2«12 ; v"=0,v'=11) and that another line (A5780) might provi-
sionally be attributed to NaeK (v'’'=0, v/ =5). This identification
was criticized by Swings and Rosenfeld (13) and Eyster (14) for
spectroscopic reasons. If Saha’s identifications were correct, several
other bands of Na, and NaK should be present and should even be
stronger, according to the Franck-Condon diagrams of these two
molecules.
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The note by Swings and Rosenfeld contains two suggestions
which proved to be fruitful later on. The first one concerns the
estimation of the molecular abundances in interstellar space; the
second deals with the identification of the sharp line A\4300.3 with
CH. Assuming that the density of radiation in the region of mole-
cular absorption leading to dissociation is identical with black-body
radiation at temperature T diluted by the factor §, the number of
diatomic molecules in dissociative equilibrium will be given by the
usual formula, except that the numbers of atoms have to be divided
by +/5. Applying this, for example, to the CH-molecule with
T =10,000°K and 6=5.10-1, it is found that the number of CH-
molecules per cubic centimeter is (15)

. nCHN10_8nCnH.

Application to CO; and Na, shows that the abundance of these
molecules is probably much too low to permit detection in inter-
stellar absorption. The molecular abundances were then compared
to the atomic abundances. It may safely be assumed that the
atomic populations of H, O, N and C per cm.® are between 1 and
10-3. Thus, for diatomic compounds such as Hs, (16) OH, CH, NH,
0., CO, CN, étc., the numbers of molecules would not be much
smaller than the numbers of observed interstellar atoms. In other
words, a search for the interstellar bands of CH, OH, NH, CN, C,, . ..
seemed most promising. In 1937, only one coincidence was avail-
able and it was pointed out by Swings and Rosenfeld (17); they
suggested that the sharp interstellar line observed at A4300.3 may
be due to CH. The absorption lines of CH starting from the two
lowest rotational levels of the ground electronic and vibrational
state are A300.24 and N\303.86. If the second line were present,
it would be blended in an early B-star with OII 4303.82 and this
might prevent its detection. In any case (18), ‘‘the first would give
an interpretation of the interstellar line observed by Dunham; the
corresponding absorbing molecules would all be in their lowest level,
in complete analogy with the case of Tit-atoms.”

The theoretical treatment of the dissociation equilibrium under
interstellar conditions of extreme dilution was only a first approach
to the problem; a revised, detailed theoretical investigation of this
most interesting case is now required and is planned at the Yerkes
Observatory.
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At the Astrophysical Symposium on Interstellar Matter, held in
Paris in 1937, the molecular problem was discussed in some de-
tail (19). Let us assume that the molecule has a permanent electric
dipole and let us compute the equivalent temperatures T, for the
infra-red regions, where the pure rotation spectrum is located. We
easily find the following data:

TaBLE I. Equivalent Interstellar Temperatures for A>1u

)\ T)\ )\ T)\

1u 414° K 100y 5.0°K

Su 81.2 500u 1.0
10u 47.0 1000u 0.54
50u 9.3 10000u 0.06

We are trying to find under which conditions will there be an
appreciable population on a certain rotational level which can be
reached by absorption of wave length \. For example, when shall

we have
hy

ET _
e A>eTt?

This requires NT,> 1.5 c.g.s. or NT,\,> 1.5 X10* micron-degrees. If
we adopt the figures of Table I, we find that between 1 and 10,0004,
the product AT, is practically constant, around 500 micron-degrees.
This means that, whatever \, the population on the rotational level
would be very low and we should thus expect to find practically all
the molecules in the lowest rotational level.

The crude character of this treatment is evident, especially
because of the method of determining T,. Itisimprobable that T,
is constant in space and that it behaves as simply and regularly as
was assumed for the computation of Table I. It is quite possible
that in certain regions of space or of wave-lengths, T, is such that
AT, varies and may become greater than 1.5X10%

If, instead of absorptions, the collisions (which are very rare)
were responsible for the excitation of molecules in their rotational
levels, the excited molecules would almost always have time to fall
down to-a lower rotational level, with emission of permitted or for-
bidden lines, depending upon the presence or the absence of an
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electric dipole. The question is quite similar to the case of the
ground sub-levels of ionized titanium discussed by Dunham.

In 1938, C. S. Beals and G. H. Blanchet (20) discussed their
observations of a diffuse, broad, symmetrical band, extending from
M410 to A450, which had been noticed previously by Merrill as a
vague feature near N427. The important work by Beals and
Blanchet gave definite evidence in favour of an interstellar origin.
This was also confirmed by Miss F. Sherman (21).

The situation had thus become the following: although inter-
stellar molecules had been initially considered for the explanation
of fuzzy bands, it now appeared that they would rather give an
interpretation of the sharp unidentified lines. The recent observa-
tion of new sharp lines by Adams improved the situation consider-
ably. A few months ago, Adams (22) reported the observation of
a new faint, sharp line in the spectrum of {Ophiuchi at \3874.6 and
McKellar (23) noticed its coincidence with the R(0) line of the (0, 0)
band of CN (2Z«--2%) at A\3874.61. McKellar also noticed that the
sharp line A3934.3 coincides with the R(0) line of the (9, 0) tran-
sition in NaH (12<—'Z) at \3934.29; this identification is subject to
doubt (24), and McKellar noted that the other vibrational tran-
sitions from (7.0) to (12.0) should be almost as intense as A\3934.3
(9.0). The three molecular identifications would indicate that the
molecules were practically all in the lowest rotational vibrational
and electronic level.

McKellar suggested that the identification of A\4300.2 with CH
could be confirmed if the (0.0) transition of the other electronic
system 2Z«—2II were also observed: the corresponding lines of lowest
rotational level are A\3886.32, A3878.7 and A3890.15, of relative inten-
sities 3, 1, 2 and of combined intensity somewhat less than A4300.24.
The Harvard Announcement Card No. 526 (June 18, 1940) brought
the desired observational confirmation. On a high dispersion spec-
trogram of {Ophiuchi taken on a fine-grained plate, Adams observed
the three new lines of CH with the expected intensities. McKellar
has now determined the best laboratory wave-lengths of the CH-lines
and the agreement with Adams’ interstellar wave-lengths is grati-
fyingly close (25). McKellar's suggestions, together with Adams’
observations, have provided conclusive evidence of the existence
of interstellar molecules.
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Other sharp lines observed by Adams are: A3579.04 (uniden-
tified), A3745.33 (fairly prominent, unidentified) and A3874.02.
This last line is probably the R(1) transition of CN; it is less con-
spicuous than the R(0) line at N\3874.62. The difference between
the rotational levels is 0.00042 volt; the observation of Adams would
thus mean that a certain proportion of CN-molecules are on the
rotational level 1 at 0.00042 volt. This behaviour may be under-
stood by the foregoing considerations, and the evidence in favour
of the existence of interstellar C/N-molecules is, on the whole, quite
satisfactory.

Now, if CH and CN are considered as being definitely present
in interstellar space, there is a great probability that other hydrides,
such as NH and OH and possibly also the carbon molecule C;, may
also be found. The lines of NH and OH, which may be expected,
lie in the observable ultraviolet region; the heats of dissociation of
these two molecules are of the same order as that of CH and we may
expect an abundance of NH and OH similar to or even greater than
that of CH. The strongest interstellar line of NH should be A3357.8
and that of OH, 2\3078.4..

We may wonder whether there is still some hope that inter-
stellar gaseous molecules may also be responsible for broader lines,
such as those observed by Merrill or perhaps even for a wide band
such as that investigated by Beals and Blanchet. Molecules may
give rise to broader lines or even to bands in the following cases:

(a) if certain equivalent temperatures T, are higher than the
values of Table I (for example, if the infra-red radiation of the stars
and of the interstellar particles in certain spectral regions is larger
than was assumed in Table I; or if a region of space is richer in stars
or dust; or in regions nearer to the stars, etc.);

() if, due to peculiar processes (for example, dissociation of
more complex molecules, especially of solid particles), the mole-
cules keep a certain rotational energy and if the transitions to lower
rotational levels are unusually strongly forbidden;

(c) if the probability of the forbidden transitions between two
rotational levels is so extremely small that the ‘“‘populating pro-
cesses’’ exceed the “‘emission processes.”

The molecular hypothesis should not be altogether abandoned
for the broad lines, although the prospects are not too hopeful (26). -

© The Royal Astronomical Society of Canada ¢ Provided by the NASA Astrophysics Data System



.71S

1941JRASC. . 35. .

78 P. Swings

Another possibility suggested by Merrill (27) and also considered

by Beals (20) and others is that these bands would be due to solid

particles at the very low interstellar temperature: there is a strong
correlation between the intensities of the broad lines and the colour
excesses attributed to small diffracting, interstellar particles.

The widths of the absorption bands of a solid are essentially due
to the termal agitation and to the broadening of the levels of each
constituent (atom or molecule) owing to the interactions of neigh-
bouring particles. In order to explain relatively narrow bands, the
required assumptions for solids are a low temperature and weak
interactions between the constituents. The first requirement is ful-
filled in interstellar space. The second enables us to exclude the
metals in the crystalline state (conductors) and the crystals with
ionic lattice. In both cases, the interactions are strong and give
rise to broad bands, even at very low temperatures. On the other
hand, weak interactions are present in molecular crystals and in
amorphous metals; hence, these are two possibilities which may lead
to satisfactory identifications (28).

If we adopt for interstellar space relative abundances similar to
those of stellar atmospheres, we may expect crystals of light ele-
ments (solid hydrogen, solid oxygen, ice, CO., etc., or mixtures of
them). The spectra of such solids at very low temperatures should
exhibit great similarities to those of the corresponding atoms or
molecules as vapours at high pressure or as liquids, although the
influence of the crystalline lattice should be manifest also. But
experimental work is completely lacking in this field of optics and
is much needed. It should start with the investigation of the
absorption spectrum of solid hydrogen at a temperature of about
3°K. Incidentally, the absorption spectrum of solid oxygen has
been investigated by Victor Henri (29); the strongest absorption
band is at A\5795.7 and it will be recalled that Merrill observed a
band at N5796.9. Although this may be a chance coincidence, it is
worthwhile to point it out.

The amorphous metals have also a conspicuous interest. Such
solids are obtained by condensation at low temperatures and are
favoured by small dimensions. It seems probable that part of the
small interstellar “‘metallic’’ particles are in the amorphous state.
They are insulators and their electric properties are fairly well
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known; unfortunately almost nothing is known regarding their
optical properties and laboratory work in this field of optics is also
urgently needed. The collaboration of cryoscopy and astrophysics
will almost certainly be profitable in the future.

McDonald Observatory,
October 21, 1940.
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