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where the cosmological constant A is taken to be
zero.

If we use for the present mean density p = 10 3

g cm—' and for the present expansion velocity
cx=(d/dt) log e'*«" =1.8X10 "sec. ' Eq. (9) is
inconsistent with the real value of % (closed
space) and also with %= ~. The only remaining
possibility is to assume an imaginary value of R.
This gives for sufficiently late stages of expansion
a constant expansion velocity, i.e. , an infinite
infinitely expanding space. For sufficiently early
stages of expansion the Eq. (9) approaches the
condition (4), and small density iluctuations in
these early stages could have given rise to the
condensations discussed above. Thus in order to

understand the formation of great nebulae and to
satisfy the condition of continuity at the moment

of their separation, it is necessary to accept the

hypothesis that spaceis infinite and ever expanding.
The only way to estimate the type of the

curvature of our universe from direct observa-
tions is, at present, the method of Hubble and
Tolman' based on the changes of observed
density distribution of nebulae at great distances.
Their analysis indicates that the apparent den-

8 E. Hubble and R. C. Tolman, Astrophys. J. 82, 302
(1935).

sity of nebular distribution increases with in-
creasing distance, which brings them to the con-
clusion that our universe has positive curvature
and is closed in itself. However, we must notice
that these conclusions are based on the hypoth-
esis that the absolute luminosities of nebulae,
which they us'e for the estimate of distances, do
not change with the age of the nebulae. If,
however, ue suppose that the absolute luminosities

of very distant nebulae are slightly higher, because
we see them at an earlier stage of evolution, the

observational material no longer contradicts the

assumption of an opened hyperbolic space At t.he
present stage of our knowledge it is, of course,
dificult to predict the expected changes of
nebulae with their age, but since we deal with a
period comparable to the total age of nebulae
small changes are quite plausible. For example
a decrease of luminosity might be accounted for
by the above-mentioned possibility that the
nebulae are permanently losing stars possessing
too large velocities to be kept back by the gravi-
tational attraction of the nebula.

We consider it our pleasant duty to express
thanks to Mr. C. G. H. Tompkins for having
suggested the topic of this paper and to H. A.
Bethe for valuable discussions.
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The vibration frequency v2 of NH3 is identified by means
of the combination bands v2~ vs at 2.2p, and 4.0p, , in each
of which the spacing between component bands is about
16 cm '. From the difference band the numerical value of
v2 is fixed at 3415 cm '. The fundamental band may be
recognized in the weak and complex background of the
absorption at 3p. The coeKcient g2 of the vibrational
angular momentum is approximately +0.6.

The second perpendicular fundamental band at 6y is
partially resolved, and is in good agreement with the
expected pattern if g4 equals —0.3. The indicated value of
v4 is 1628 cm '. The numerical values of P2 and g4 do not
agree well with those predicted theoretically.

The parallel component of 2v4 is found at 3220 cm ',
and two pairs of parallel combination bands, v1+v3 at
4270 and 4303 cm ' and 2v4+v3 at 4177 and 4217 cm '.

HE four atoms in the ammonia molecule, as
is well known, form a pyramid with axial

symmetry, and must have four different funda-
mental vibration frequencies. All four should be
active both in infra-red and in Raman spectra.
Two of these, represented by the bands at 3p,

and at 10@, involve oscillations parallel to the
axis of symmetry and are readily identified.
Each gives rise to a double band with I', Q and R
branches, the levels occur in pairs because of the
two potential minima defining alternative equi-
librium positions for the nitrogen atom. A third
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band, found at 6p, must be associated with
vibrations normal to the axis, and its structure,
as described below, is in accord with this view.
Regarding the position of the fourth funda-
mental there has been considerable difference of
opinion, ' ' and until now the experimental evi-
dence has not been conclusive. Unpublished ob-
servations by Stinchcomb and Barker in 1929
seemed definitely to exclude as a possibility the
strong band at 2.2p because of its complexity and
the relative intensities of its component lines.

Raman observations upon gaseous ammonia
contribute very little to this question, since
scattering due to perpendicular vibrations has
not been detected. The measurements of Lewis
and Houston' showed two lines in the neighbor-
hood of 3p, , of which the one displaced by 3334
cm ' is the parallel frequency v&, indicated by
infra-red measurements at 3337 cm '. These
authors. suggested that the second line, displaced
by 3219 cm ', might represent the perpendicular
band v2. This clearly is not the case however,
as the infra-red measurements show, and the
line 3219 cm ' must be the parallel component
of the harmonic of v4 (1628 cm '), probably
intensified somewhat by resonance interaction
with v&. The Raman spectrum of liquid ammonia
shows three neighboring frequencies, 3216, 3304

1Cl. Schaefer and F. Matossi, Das Ultrarote Spektrum
(Berlin, Julius Springer, 1930), p. 250.' H. Verleger, Physik. Zeits. 38, 83 (1937).

3C. M. Lewis and W. V. Houston, Phys. Rev. 44, 903
(1933),

and 3380, corresponding exactly to the lines
appearing in the liquid methyl halides4 where
interaction of the type mentioned has been well
established. In every case the highest of the
three frequencies, observed only in the liquid,
corresponds to a perpendicular vibration.

The similarity between NH3 and CH3 follows
also from a mechanical treatment of the problem
of vibration. Utilizing forces of the valence type,
Howard' has obtained a potential function in-
volving two constants, which may be so chosen
as to yield the frequencies of v& (3334) and
v4 (1626). The other two frequencies, which may
then be predicted approximately, are v2=3370
and v3=1050. The observed value for the latter
is about 950. Since 3370 is not far from the value
suggested by Raman observations on liquid
NH3, it may be considered as a fair approxima-
tion. Three important factors were neglected in
the computation, however, and it is dificult to
estimate how much they may affect the result.
They are anharmonicity, resonance interaction,
and the double minimum.

A convincing argument supporting this ap-
proximate value of v2 has recently been provided
by measurements upon ND3, ' where all four of
the fundamentals may be observed. If the three
above-mentioned conditions are neglected, a

4 A. Adel and E.F. Barker, J. Chem. Phys. 2, 627 (1934).
~ J. B. Howard, J. Chem. Phys. 3, 207 (1935).
~ M. V. Migeotte and E. F, Barker, Phys. Rev. 50, 418

(1936).
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FiG. 1. The band at 2.2p.
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band v4. Moreover, the lateral portions of the
band show definite indications of alternating
intensities, which must be associated with
changes in the angular momentum about the
axis of symmetry. In the observed absorption
pattern, which appears in Fig. 4, resolution is
obviously incomplete, although the slits included
only slightly over one wave number. The absorp-
tion due to atmospheric water vapor renders
observations in this region somewhat difficult
and a few minor details may be subject to later
revision. The principal lines, however, stand out
clearly and may be identified with confidence.

The general pattern of this band is indicated
in Fig. 5, where each horizontal row represents
one component, corresponding to a certain
change in the axial momentum E. Initial values
of E are indicated at the left. The number of
missing lines near each band center increases
with E, since J&~E. Transitions starting from
levels where E is divisible by three yield bands

of double weight. The first lines on either side

of the band centers for which AJ and AE have
the same sign are marked with small circles,
and those of double weight with pairs of small

circles. The same symbols appear in Fig. 4,
which makes the correlation relatively simple.
Line intensities are not indicated in Fig. 5, but
a certain amount of convergence has been intro-

duced empirically, to give a proper distribution
of the more prominent lines. The band centers
must converge, and also the individual lines in

the component bands. Since relatively few of

TABLE II. Wave numbers and assignments of lines in the
band v4. Columns headed J and %indicate quantum numbers
of the initial state; the appended sign. designates + or-
transitions.

Op
2—
2—
2—
3—
6-
7—
8—
9

10—
11—

0+
2—
1—
0+
3—
6—
7—
8—
9

10—
11—

1626.4
1594.9
1591.1
1587.3
1579.8
1532.8
1516.2
1501,0
1485.3
1470.0
1454.0

1+
1+
2+
3+
2+
4+
3+
5+
6+
7+
9+

1+
0+
2+
3+
3+
4+
4+

~ 5+
6+'6+
9+

1661.7
1667.4
1676.6
1691.8
1698.7
1707.0
1713.3
1722.2
1736.6
1760.0
1779~ 5

these lines can be identified with certainty, and
the positions of the various zero branches are
not fixed with great precision, no attempt has
been made to evaluate the quadratic coefficients.
The wave numbers for some of the lines are
listed in Table II. Since the most intense zero
branch occurs. at 1626 cm ', one-half space from
the band center, the value of v4 is 1628 cm —'-.

From the observed band spacing it follows that
g4 is approximately —0.3, instead of —0.17 as
predicted.

The experimental values of f2 and f4 are not
only very different from those theoretically ex-

pected; they are also inconsistent with the pre-
diction requiring their sum to equal (C/2A) —1.
This suggests that some revision is necessary,
either in the interpretation of the data, or in

the mechanical treatment of the interaction
between vibration and rotation.
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FiG. 5. Analysis of the band 14. Initial values of X indicated at the left. dE'=+1 for horizontal rows 0 and above.
hE = —1 for horizontal rows below O.


