
Interstellar molecules
Radioastronomy reveals that clouds between the stars, once believed
to consist of simple atoms, contain molecules as complex
as seven atoms and may be the most massive objects in our Galaxy.

Philip M. Solomon

During the past three years, molecules
have been discovered in interstellar
clouds with an abundance and chemi-
cal complexity totally unexpected by
astrophysicists. Twenty-three mole-
cules in a total of 34 isotopic combina-
tions have now been identified through
radio spectral line observations at more
than 75 wavelengths from 2 millimeters
to 36 centimeters. An important new
chapter in astronomy has begun, with
potential already demonstrated for
providing new information and insights
into such basic problems as the cosmic
abundance of isotopes, formation of
stars, structure of the Galaxy and the
Galactic nucleus, and the thermody-
namics of the interstellar medium.
Equally important, many completely
new phenomena have revealed them-
selves as it becomes clear that the
most massive objects in the Galaxy are
molecular clouds (see figure 1), and the
physics of these regions is only now be-
ing explored. In addition an entirely
new field, interstellar chemistry, is de-
veloping now that we know that chemi-
cal evolution of matter into substances
as complex as organic molecules has
taken place throughout the Galaxy.

The molecules found to date in the
interstellar medium range from simple
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diatomics to organic compounds with
up to seven atoms. A complete list is
given in Table 1. Of these, all except
the first four (H2, CH, CN and CH+)
were discovered at radio frequencies.
Contributions to the growth of this
field have been made by astronomers
and physicists from about a dozen in-
stitutions. It is impossible in this brief
discussion to review each discovery
separately, and much of the fascinating
work on maser radiation of H2O and
OH from stars and small compact
sources, which are not truly interstel-
lar, will not be covered. I shall em-
phasize the interpretation of data from
massive molecular clouds in terms of
the physical and chemical conditions
in these regions and summarize some
of our results of the past two years.
The discussion will be based primari-
ly on millimeter-wavelength observa-
tions with the 36-foot National Radio
Astronomy Observatory (NRAO) an-
tenna, Green Bank, West Virginia, car-
ried out jointly with my colleagues
Keith Jefferts, Arno Penzias and Rob-
ert W. Wilson, all of Bell Telephone
Laboratories. The discussion will in-
clude sources of molecular line radia-
tion, physical conditions in molecular
clouds, Galactic structure (with the
help of Nicholas Scoville), determina-
tion of isotopic abundances and inter-
stellar chemistry. But before we can
begin discussing these observations,

we should look at some of the historical
background.

Early interstellar astronomy

Before molecular line astronomy, the
interstellar medium was studied by op-
tical astronomy, radio astronomy of
atomic hydrogen at 21 cm and by con-
tinuum radio astronomy. These obser-
vations, combined with a large body of
theoretical work, led to a model con-
sisting of two basic components char-
acterized by the ionization state of hy-
drogen as either HI (neutral hydrogen)
or HII (ionized hydrogen, H+). The
average atomic-hydrogen density
throughout the plane of the Galaxy was
found to be one atom per cm3, com-
posed primarily of clouds with densi-
ties of about 10 to 50 atoms per cm3

and of a much more tenuous intercloud
medium.

The temperature of the HI clouds as
measured by the 21-cm intensity is
thought to be typically 50-125 K. The
relative abundance of the elements is
probably similar to solar abundance
values: He/H is about 10"1, 0/H
about 7 x 10-4, C/H about 3 x 10"4

and N/H about 1 x 10"4, with all
other elements less than 10~4. The
existence of Ch, CH+ and CN as well
as of atomic Ca, Ca+, Na, Fe, Ti+ and
K in the interstellar medium has been
known for almost 40 years from the ap-
pearance of narrow interstellar absorp-
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CO and C13O emission intensity in Orion A molecular cloud.
Placing these contour maps over photo of optical emission neb-
ulae from the foreground HII region shows peak CO emission
centered on a strong infrared point source and an extended
source, all within the central 1/2 arc min, along with OH maser

sources. Total cloud size is at least 30 light years and total mass
about 105 solar masses. Coordinates are centered at a =
5h32m47s ± 1s , 5 = -5°24 '20" ± 15"; 10 contour units = 200
K km/sec for CO; 30 for C13O. Ori B. W51, DR21 and Sgr B are
similar, as are many clouds not linked with HII. Figure I

tion lines superimposed on the optical
spectra of bright stars. Although the
atomic lines are much stronger, molec-
ular interstellar optical lines are obser-
vable in a large number of stellar spec-
tra. A survey conducted at Mt Wilson
by Walter Adams1 in 1949 found CH +
interstellar lines in 70 out of 300 stars,
with CH, CN, or both present in about
30 cases. These absorption lines at
roughly 4000 A were formed by transi-
tions from the ground electronic state
to excited electronic states that happen
to occur at the wavelengths transmit-
ted through the optical atmospheric
"window."

The hydrogen in HII regions is pho-
toionized by ultraviolet radiation from
hot stars (T about 20 000 K), so that a
high degree of ionization is maintained
around the star. The transition
boundary between HII and HI regions
is sharply defined at a radius where the
recombination of protons and electrons
competes with the photoionization to
produce sufficient neutral hydrogen for
absorbing all remaining ionizing pho-
tons. The HII regions are heated by
the ejected photoelectrons and typical-
ly have temperatures of about 10 000 K.
HE regions, particularly the Orion
Nebula, which is the brightest and one
of the nearest to the Sun, have been
extensively studied by optical observa-
tion of emission—continuum and line.

The low density and exposure to

strong photodissociating radiation
made it seem unlikely that molecules
of any complexity could exist in either
HI or HII regions. What was over-
looked in this picture was the impor-
tance of entire regions that simply did
not radiate at optical frequencies, did
not show up clearly at 21 cm and were
therefore largely ignored.

Another major constituent of the in-
terstellar medium that became gener-
ally recognized in the mid 1920's is in-
terstellar dust. Dust particles are
mixed in with the gas and contain
about one percent of the mass in inter-
stellar space. These small solid parti-
cles, primarily silicates, of submicron
size (about 0.2 microns) absorb and
scatter light, which prevents stars from
being observable in the plane of our
Galaxy over distances much greater
than 3000 light years (1000 parsecs).
A glance at the Milky Way on a
moonless night reveals the dark lanes
that are regions of strong dust concen-
tration, relatively near to the Sun. The
optical scattering by the dust has a
wavelength dependence of X"1, and is
usually referred to as "interstellar red-
dening."

From the point of view of optical
stellar astronomy, these dusty regions
of dark clouds, whose presence and
number has been amply demonstrated
in optical photographs by Bart Bok,
have usually been regarded as a curi-

ous annoyance preventing an accurate
analysis of stellar spectra and of the
distribution of stars in the Galaxy.
Only recently, with the advent of in-
frared and molecular line observations,
has any substantial progress been
made in studying these regions.

Early molecular studies
Molecular radio astronomy began in

1963 with the discovery2 of the A dou-
bling transition from the OH radical at
18 cm by a group at the Massachusetts
Institute of Technology and the Lin-
coln Laboratory. Following this dis-
covery was a burst of activity in OH
observations, which led to the detec-
tion of maser radiation, thermal emis-
sion lines and absorption lines ob-
served against the background of radio
continuum radiation from HII regions
and other strong sources. Although
the OH observations showed a fasci-
nating variety of phenomena, the esti-
mated relative abundance OH/H was
very low. A remarkable list3 of candi-
date molecules, with frequencies deter-
mined from microwave spectroscopy,
including NH3, H2O and CO in addi-
tion to OH, had been suggested by
Charles Townes in 1955. However, the
view that interstellar clouds were com-
posed primarily of atoms with a small
mixture of simple radicals still pre-
vailed.

Five years later, a group at Berkeley
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searched for and discovered ammonia4

(NH3) and water at 1.26 and 1.35 cm.
The H2O line was observed as a
strong maser with intense emission
from numerous small regions including
infrared stars, and the NH3 was found
in two extended clouds near the Galac-
tic center. At about the same time as
these microwave discoveries of new
molecules, Carl Heiles's5 observations
of thermal OH emission in dark clouds
with little or no 21-cm radiation led to
the first strong evidence that entire
clouds might be dominated by molecu-
lar instead of atomic hydrogen. Theo-
retical arguments6 on the formation
and dissociation of molecular hydrogen
showed that hydrogen molecules
formed on grain surfaces in dense
clouds (total hydrogen density greater
than 100 cm"3) would be self-shielded
against photodissociation, producing
entire clouds whose hydrogen is almost
entirely in molecular form. However,
H2 is a symmetric molecule with no
permanent electric dipole moment and

therefore has only extremely weak
rotational transitions, none of which
fall in the radio range, so that the evi-
dence for H2 remained indirect until
the later rocket ultraviolet detection of
the Lyman absorption band.

A search for new interstellar mole-
cules, carried out at NRAO completely
independently of the Berkeley group,
was based on the realization that the
organic molecule formaldehyde (H2CO)
was a good candidate for detection
through a transition at 6 cm, due to k-
tvpe doubling of the lowest orthofor-
maldehyde rotational state (J = 1).
Absorption at 6 cm by formaldehyde
was discovered by Lewis E. Snyder and
his coworkers7 in the well known
sources Sgr B and Sgr A. near the Ga-
lactic center. The absorption was ob-
served in the direction of the strongest
HE regions in the Galactic plane as
well as in dark clouds with no contin-
uum source in the background.

The widespread observability of
H2C0, whose abundance is about 10~8

times that of hydrogen, is due to the
refrigeration of the k doublet by a
nonequilibrium process resulting in an
excitation temperature below that of
the Penzias-Wilson microwave back-
ground8 (brightness temperature Tj
equal to 2.8 K). The presence of an
organic molecule in clouds, near HII
regions as well as in numerous dark
clouds, clearly indicated that the
chemical complexity of the interstellar
medium was greater than anyone ex-
pected, although only small fractions of
any element had been observed in mo-
lecular form.

A third area of investigation was the
observation of molecules through their
millimeter rotational lines. Although
the technology involved was still in an
earlier stage of development, it pre-
sented the opportunity to select mole-
cules on the basis of astrophysical in-
terest. As a result of discussion be-
tween Penzias and me on the best can-
didate molecules, the Bell Labs group
searched for and found emission from
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Molecule

H2

CH +

CH

CN

OH

CO
CS
SiO
H2O

HCN

H2S
OCS
NH3

H2CO

H2CS
HNCO
HCOOH

HC3N
CH3OH
CH3CN
NH2HCO
CH3C2H
CH3HCO

Frequency
of discovery
line (GHz)

Optical only

Optical only

Optical and
113.492

1.665

115.271
146.969
130.268

22.235

86.339

168.762
109.463

23.694

4.830

3.139
87.925

1.639
(possible)

9.098
0.834

110.383
4.619

85.457
1.065

Table 1. IVIolecules Observed in the Interstellar Medium

Discovery
transition

No radio lines; ultraviolet only
in dense clouds deduced from

J = 1—0

J = 3/2
A doubling
J = 1—0
J = 3—2
J = 3—2
J K - i K , = 616—523

J = 1—0

J K - I K I = 1 10—*1 01
J = 9—8
JK = I1
Inversion doublet
JK-1K1 = 1 11 — 1 10

J K _ , K , = 2,2—2,,

J K _ , K , ~ 4o4~*"3<)3
J K K = 1O1—«-1 1,

J = 1—0
J K - IK, = 111—1io
J K = 6—5
J K , K , ~ 211—"212
J K = 5 0— 40
J K _ ! K , ~ 1i0~*"1 11

Isotopic species
observed

in tenuous clouds; abundance
CO observation and excitation

C 1 3 H + '

—

O18H

C1 3O;CO1 8

CS3";C1 3S
—
—

HC13N; HCN15

DCN
—
—
—

H2C13O;
H2CO18

—

—
—

—
—

—

Number of dif-
ferent radio

transitions ob-
served in all

isotopic species

—

1

10

3
7
1
1

6

1
4
7

10

1
3
1

3
9
5
1
1
1

Approximate
density* in

molecular clouds
( c m 3 )

10+"

Not observed
in H2 clouds
Not observed
in H2 clouds
10- 4

10-2

1
10- 3

(10"5)
?
maser only
10-3

10-"
(10-")
10-2

10-"

10-5

(10-")

(10-")
10- 3

(10-")
( > 1 0 " 5 )
do-")

*The densities are normalized to a typical molecular cloud with a hydrogen density of 7 04

cm-3; values are arrived at from published column densities and estimates of optical depth
effects; brackets indicate molecules observed only in Sgr B or A, near the Galactic center

carbon monoxide at 2.6 mm. As soon
as the receiver was turned on, with a
one-second time constant, Wilson no-
ticed a strong emission line from the
direction of the Orion Nebula. This
initial discovery9 and subsequent joint
observations10 by Jefferts, Penzias,
Wilson and me have shown that carbon
monoxide is more abundant by a factor
of 103 than any other molecule (except
H2) and is observable throughout the
plane of the Galaxy over a wide range
of velocities, in virtually all dark
clouds11 as well as near HII regions.
The ubiquity of carbon monoxide and
the relative simplicity of the energy
levels make observations of CO and its
isotopes C13O and CO18 particularly
useful for studying the physical condi-
tions and kinematics of interstellar
clouds.

Millimeter-wave astronomy
Following this discovery in .1970,

there was very rapid progress in obser-
vations of interstellar molecules, pri-

marily although not solely at millime-
ter wavelengths. This progress is due
in large part to the development of re-
ceivers for millimeter-wave observa-
tions, principally by Bell Labs in con-
junction with NRAO. The importance
of millimeter waves, as opposed to the
more conventional centimeter and
meter wavelength radio astronomy,
arises primarily because the funda-
mental rotational transition frequency,
which is inversely proportional to the
reduced mass, is in the range 50-150
GHz (wavelength 6 mm-2 mm) for dia-
tomic molecules composed of the cos-
mically abundant heavy atoms C, N, O
and S. For simple polyatomic mole-
cules that may include hydrogen and
three or four of the others (OCS,
HNCO), the lowest-frequency rotation-
al transition is typically 10-50 GHz
(3.0 cm-6 mm) but there are a large
number of rotational transitions be-
tween low-lying excited states (such as
J = 9 — 8 in OCS) that also fall in the
range 50-150 GHz. The splitting of a

rotational level may cause some mole-
cules to have longer-wavelength transi-
tions, but virtually all molecules with
an electric dipole moment and at least
two heavy atoms have millimeter rota-
tional lines that can be observed from
the ground.

Another important advantage of
short wavelengths is the high spatial
resolution available even with moder-
ate-size single antennas. The NRAO
36-foot antenna for millimeter waves
has a 1.1 arc-min beam size at the CO
2.64-mm line, which is ten times high-
er resolution than can be achieved at
21 cm by the world's largest steerable
antenna. This dish at NRAO has been
used for all of the millimeter-wave
discoveries; those made by outside
groups as well as those discoveries made
by Observatory staff.

Molecular clouds

The two most frequently observed
sources for interstellar molecules are
molecular clouds associated with the
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HE regions Ori A and Sgr B. Sgr B
and dozens of other HII regions distrib-
uted throughout the Galactic plane
were discovered by continuum radio
astronomy from thermal bremsstrah-
lung emitted by the hot gas. These re-
gions represent a class of dense ionized
clouds surrounding hot stars, frequent-
ly hidden by interstellar dust. Sam-
ples of spectra from Sgr B (distance
about 30 000 light years) and W51
(about 20 000 light years) are seen in
figure 2. All molecules in Table 1
have been found in Sgr B and some of
the more complex ones have been de-
tected only there. This is the richest
molecular cloud in the Galaxy and is
part of a large complex of clouds in the
Galactic center region. I have chosen
these regions for sample spectra be-
cause of the substantial velocity struc-
ture they show, particularly in CO, in-
dicating the presence of molecules
along the line of sight with a wide
range of radial velocities. CO emission
(J = 1 • 0) is observed from clouds
associated with dozens of HII regions,
the strongest lines originating from Ori
A, M17. Ori B, W51 and DR 21. Mil-
limeter rotational-emission lines from
several other molecules such as CS and
HCN are also seen from many HII re-
gion clouds but always at lower inten-
sity than either CO or C13O emission.

Mapping of these molecular clouds
shows extended sources usually but not
always peaking near the center of the
HE region. These sources have small
condensations detected by their OH
and H2O maser radiation with the
maser position usually very near the
strongest CO position. In addition, in-
frared radiation at 10-20 microns and
at 100 microns has been found for most
HII regions. The largest structure,
however, is observed in carbon monox-
ide, frequently extending out to more
than 30 arc-min from the center. The
velocity of peak CO or CS emission in-
dicates a cloud moving relative to the
HII regions at about 1 to 10 kilometers
per sec.

The prototype region for observing
structure is the Ori A cloud, which is
only 1500 light years from the Sun and
has the added benefit of an observable
optical-emission region long recognized
as one of the youngest objects in the
Galaxy, as well as a site of recent star
formation; Harvey Liszt has been a con-
tributor to the observations and to the
mapping of Orion that form the basis
of our discussion here. Figure 1
shows detailed contour maps of inte-
grated intensity in CO and C13O emis-
sion centered on the position of the in-
frared and OH sources. Optical photo-
graphs show that the visible region is
smaller than the molecular cloud,
which is hidden behind the HII region.
The extent of the Orion- cloud has also
been mapped in millimeter emission
lines of CS, H2CO, HCN and CH3OH

by several groups.1215 The distance
between half-power points decreases
from four arc-min by nine arc-min for
CO and slightly less for CS (J = 2 —
1) to less than two arc-min by two arc-
min for lines from excited states of
methyl alcohol.

Dark clouds are another important
class of sources; these are simply dense
molecular clouds not associated with
HII regions. These sources all show
carbon monoxide emission of varying
intensity, frequently spread over areas
greater than two arc deg in extent.
Mapping of these clouds is only be-
ginning, but structure indicating cen-
ters of intense emission is already indi-
cated, and very strong sources, as yet
unobserved, may very well exist in the
dark clouds.

Density, temperature and mass
One of the most important applica-

tions of molecular line astronomy has
been as a diagnostic tool for analyzing
physical conditions such as tempera-
ture, density, mass and internal mo-
tion of the interstellar clouds. The ob-
servations may be related to the physi-
cal properties of the clouds by consid-
ering the equation of radiative transfer
and the collisional and radiative pro-
cesses responsible for the excitation of
the molecules. Consider the emission
received from a transition between a
lower level m and an upper level n
where Tnm is the Boltzmann excitation
temperature describing the population
of the two levels. The measured in-
tensity / of the emission line from the
cloud is then given by the radiative
transfer equation

/,. (1)

where B, (T) is the Planck function
and r, = Nma, is the optical depth
through the cloud of the line at a fre-
quency v. Nm is the column density in
cm"2 through the cloud, and a, is the
absorption coefficient.

For a source with angular size large
compared to the antenna beam, I{p)
can be determined directly from the
measured total power received at the
antenna. All measurements are ob-
tained relative to the microwave back-
ground, which, although weak, must be
accounted for in determining/(r).

As can be seen from equation 1. for
the optically thick case (T » 1), the in-
tensity is a measure of the state tem-
perature Tmn, whereas for the optically
thin case (r <sc 1), the intensity is pro-
portional to the column density of mol-
ecules Nm. For hv «c kT, equation 1
can be written in terms of the bright-
ness temperature Tb

7\ = 7\,,,,<1 - e-r»)

which gives, for rv ,» 1

Tb = Tmn (2)

32 16 0 -16 -32
\« (SECONDS OF ARC)

Contour map of the total column density
in C'3O centered on Sgr B2 (OH), with vel-
ocity between 50 and 75 km per sec. An
intensity map for the optically thick C120
line would cover over 30 times this area.
The distance of Sgr B from the Sun is about
30 000 light years, and 1 arc min is about
six light years. Figure 3

and (substituting r, = Nma,) for r «;
1

Thus for T s> 1, the observed bright-
ness temperature is independent of the
column density and is simply equal to
the state temperature.

The molecular abundance in the
form of the column density can be de-
termined from the optically thin case
and a knowledge of the absorption
coefficient. The frequency dependence
of «„ is a function of the radial-velocity
distribution of molecules along the line
of sight. It is therefore useful to use
the integrated absorption coefficient a
= fa,da. With \ti\mn as the dipole-
moment matrix element, we find

8 *
She

(4)

The term in brackets, due to stimulat-
ed emission, is proportional to the ex-
cess of molecules in the lower state m
relative to the upper state n. For hv

kTmn, the abundance can be deter-
mined independently of the state tem-
perature from equations 3 and 4, and is
given by

Nm = (5)

where the intensity is integrated over
velocity (in kilometers per sec). Thus,
both state temperature and abundance
can be determined from observation of
intensity, but not from the same spec-
tral line.

Typical brightness temperature Tb"'
observed millimeter emission lines are
in the range of 4 K, just above the
background radiation, for the weakest
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Methyl cyanide emission from Sgr B2 (OH) in the J = 6K ~*5K transition. Five lines, from
K = 0-4, contribute to the profile. Relative intensities of the lines indicate a Boltzmann
temperature of about 150 K for the K-level population. The K levels do not mix radiatively,
so this temperature indicates the kinetic temperature. Observations only 1 arc min from
this position show much lower excitation temperatures. Figure 4

detectable lines to 45 K for the core of
the Orion Nebula molecular cloud in
the carbon monoxide transition at 2.6
mm. Equation 5 may be applied in a
straightforward manner with observed
brightness temperatures to obtain
lower limits to true column densities
Nm on the assumption that T is less
than one. These values of Nm must be
multiplied by an estimated ratio of the
total number of molecules divided by
the fraction in state m, N/Nm. N is
typically in the range 3 x 1012 to 3 X
If}16 cm"2. Any molecule producing
an optically thin line is clearly a very
minor constituent of the cloud since
molecular hydrogen column densities
are expected to be much greater than
1021 for optically opaque clouds.

To understand the physics of these
clouds and their relation to the forma-
tion of star clusters, the most impor-
tant quantities that must be obtained
are the hydrogen density, which gives
the total mass, and the kinetic temper-
ature. We have used two methods to
estimate the mass of molecular clouds.
The first, which gives a lower limit, is
application of equation 5 to the column
density of C13O, which is then scaled
to the hydrogen density by employing
observed isotope ratios C12O/C13O and
the cosmic abundance H/C. (We shall
discuss isotope ratios later on.) The
column density of C12O cannot be di-
rectly measured, because the optical
depth is much greater than one. From
equation 5, substituting for C13O (J =
1 — 0) the total column density in all
states is

In obtaining equation 6 the 2(
ratio has been approximated by the
rotational partition function and by as-
suming a Boltzmann distribution at
Toi- The state temperature Toi comes
from C12O observations and equation
2, with the assumption that Toi is the
same for both isotopic species. A map
of the abundance of C13O in Sgr B is
seen in figure 3.

Observations of isotope ratios in
many clouds indicate that C12O/C13O
is about 89, similar to the terrestrial
value; therefore Nro is about equal to
89 Ncuo. The C/H cosmic abundance
is 3 X 10"4. For a cloud of size /, as-
suming all the carbon is in the form of
CO, we find that

> L4 Xlo'.Y, ,, (7)

c"o 5 X 101!T,, (6)

is a lower limit to the total hydrogen
column density.

Mechanisms of excitation
A second way to estimate the hydro-

gen density is to consider the processes
determining the excitation tempera-
ture Tmn. The population of levels
and therefore the excitation tempera-
tures in an interstellar cloud are deter-
mined by collisions and by interaction
with radiation. We can show from
theoretical considerations and compar-
ison with observation that the most
important source of excitation, partic-
ularly for CO, is collisions with H2.

If collisions completely dominate the
exchange of population between states,
then all state temperatures would
equal the kinetic temperature of the
gas. In this case all lines with T much
greater than one would have the same
intensity. However, emission lines ob-

served in many sources12 from CS (J =
3 •> 2) at 147 GHz and CS (J = 2 — 1)
at 98 GHz are always of much lower
intensity (Tb = 9 K in Orion) than
emission from either CO (Tb = 45 K in
Orion) or even C13O (Tb = 13K in Or-
ion). Although this could conceivably
be due to low optical depth in CS, obser-
vations of very extended emission from
CS as well as from the isotopic CS34

indicates a high optical depth, with 7
much greater than one for CS. We
therefore conclude that the state tem-
peratures are lower for CS than for CO.

An important difference between the
two molecules is the dipole moment
and consequently the spontaneous
decay rate Anm, which is proportional
to \nmn\

2vz. For CO, with a perma-
nent dipole moment of only 0.1 debye,
A10 equals 6 x 10"8 sec"1; for CS with
a permanent dipole moment of 2.0
debye, A32 is 6.5 x 10"5 and A2\ is 1.8
X 10"5 sec"1. Electron collision rates,
unlike those for neutral particles, also
scale with the transition strength
Wmn\2-

Therefore the ratio neav/Anm of ex-
citation upward by electron collision to
de-excitation n —• m by radiative decay
will be independent of the dipole mo-
ment |/imn|. so that population ratios
nn/nm and temperatures Tmn that are
independent of the transition strength
will result for electron excitation. But
observation of low temperatures for all
strong dipole moment transitions
(short lifetime) rules out electrons as
responsible for the excitation.

The high CO and low CS brightness
temperatures can be readily under-
stood if excitation is by neutral parti-
cles, the most abundant being H2.
The collisional cross-section a for this
process, only weakly dependent on
transition strength, is about 10~15 cm2,
so that the excitation rate nHt ov is
about equal to 5 x 10"~nnMl sec"1,
where n}h is the number density per
cm3 of hydrogen molecules. For a
two-level system the minimum density
required to bring the excitation tem-
perature up to the gas kinetic tempera-
ture T is

AnmkT
(8)

For a transition at about two to three
millimeters, hv/k is about 5 K and we
have nHj greater than or equal to 4 x
1010 AnmT, which yields nu greater
than or equal to 104 for CO at 50 K.
The required density for CS (J = 3 —
2) to heat up to 50 K is nHi greater
than 107 cm"3. This two-level analy-
sis has ignored the complications of
multiple quantum collisions (\J > 1)
which can yield a very high nonther-
mal excitation temperature at low den-
sity, even for a simple rotational lad-
der; however, this effect is only impor-
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tant for an optically thin gas and will
not produce high intensities at low col-
lision rates.

Since CO emission is seen extensive-
ly near HII regions as well as near dark
clouds at brightness temperatures from
5 K to 45 K, we can conclude that in
general the density of molecular hydro-
gen in large molecular clouds is in the
range 103-10* cm~3. (This is 100
times greater than in atomic clouds.)
There are undoubtedly small con-
densed objects, as in the core of the
Orion Cloud, with nHt greater than or
equal to 107 cm"3. The subthermal
excitation of CS and other short-life-
time transitions probably involves a
combination of collisions and radiative
trapping of line photons from con-
densed molecular cores.

The mass of the molecular clouds
can then be estimated from either of
the methods above (equation 7 or 8),
because the scale size is determined
from mapping and a knowledge of the
distance, which is at least approxi-
mately known for most sources. The
size / is greater than ten light years for
the Orion Cloud and as large as 50 or
100 light years for the complex clouds
near the Galactic center. Masses, de-
termined for at least a half dozen
clouds,10 are in the range of 104-105

solar masses (one solar mass is 2 x
1033 gms). Molecular clouds are
therefore among the most massive
objects in the Galaxy, dwarfing the HII
regions associated with many of them.
The well known dark cloud complexes
near the Sun (in the constellations of
Taurus and Ophiuchus) are examples
of massive molecular regions not asso-
ciated with HII regions. The total
number of these clouds in the Galaxy
cannot yet be estimated, because only
those near HII regions have so far been
mapped. However, preliminary obser-
vations throughout the plane of the
Galaxy indicate that a rather substan-
tial fraction of the total mass in the
Galactic plane may be in molecular
clouds.

For regions where the density of hy-
drogen is greater than that given by
equation 8, the CO state temperature
will come into equilibrium with the ki-
netic temperature, and the measured
brightness temperature will equal the
kinetic temperature.11 The kinetic
temperature ranges from a low of about
6 K in the coldest areas to a high of
about 45 K. Temperatures as high as
150 K are deduced from the excitation
of highly excited lines1516 of complex
molecules, but these apply only to
small central cores associated with in-
frared objects. In figure 4, for exam-
ple, we see the spectrum of methyl cy-
anide obtained from the center of the
Sgr B cloud.

These clouds of high mass and low
temperature are unstable to gravita-

tional contraction, and a great deal of
cloud fragmentation and star formation
is undoubtedly taking place. Those
clouds with HII regions have already
been the site of substantial star forma-
tion. Detailed high-resolution obser-
vation of dark clouds without known
HE regions should reveal many con-
densed protostars or protoclusters and
give new insights into the earliest stag-
es of stellar evolution.

Galactic structure

Although the great emphasis of mo-
lecular line observations has been
towards the structure of individual gas
clouds, much work in the future will
probably be in the realm of Galactic
structure. As radio receivers become
more sensitive, we may map the mo-
lecular lines not only in the central
densest regions of the clouds but also
across the tenuous bridges that may
connect one cloud to its neighbors.
Measurements at 21 cm of atomic hy-
drogen have been very useful in ana-
lyzing the kinematics of the Galaxy.
However, the most interesting Galac-
tic structure phenomena may show
themselves in regions where the gas
has been compressed to the point
where molecular hydrogen is dominant.
Thus many of the strongest H2CO and
CO lines, particularly near the Galac-
tic center, occur at Doppler velocities
with only very weak 21-cm emission.
In the Galactic-center region, where
the relative abundance of molecules
appears exceptionally high, interesting
dynamical phenomena are being ob-
served for the first time via molecular
transitions.

Surveys of OH and H2CO absorp-
t ion 1 7 1 8 and CO emission19 in the
plane of the Galaxy at Galactic long-
itudes 358 deg-5 deg show molecular
clouds plentiful over the entire region.
Velocities are observed in CO (with re-
spect to the mean velocity of stars in
the solar neighborhood) from —250 to
+250 kilometers per sec. CO emission
is observed from both sides of the Ga-
lactic center, whereas absorption in
H2CO and OH shows up mainly in
clouds on the solar side of the Galaxy
in front of most of the continuum ra-
diation.

The large-scale radial velocities ob-
served cannot be interpreted in terms
of Galactic rotation. Figure 5 is a
schematic representation of a ring of
clouds surrounding the center of the
Galaxy at a distance of about 1000
light years. This ring contains the
clouds near Sgr B and Sgr A as well as
many other massive regions. The en-
tire structure is expanding outward
from the center of the Galaxy at about
100 kilometers per sec, with a total
mass of at least 107 solar masses, and a
kinetic energy in excess of 1054 ergs.
This is probably a result of an explo-

sion in the center of the Galaxy about
106 years ago.

Large antennas are desirable for
many problems, but Galactic structure
phenomena can be investigated with
very small telescopes at millimeter
wavelengths, and we may expect active
research by many observers over the
next decade.

Isotopic abundances

The isotopic frequency shift caused
by the change in reduced mass is very
large for rotational spectra and there-
fore radio lines provide a powerful
technique for determination of isotopic
abundances. Isotopes of carbon, oxy-
gen, nitrogen, sulfur and, most recent-
ly, hydrogen have been detected in the
molecules CO, H2CO, HCN, CS and
H2S. The most extensively observed
isotopic lines are of C13O and CO18

For determination of abundances to
be possible the lines must of course be
optically thin. For this reason direct
comparison with saturated lines from
CO or CS can be misleading.

However, lines from the rarer isot-
opes C13 or O18 apparently are in gen-
eral optically thin, and abundance
should then be proportional to ob-
served integrated intensities; that is,
fTA dv approximately equals TA &v.
We have recently surveyed C13O and
CO18 in about nine sources;21 the data
strongly indicate that both C13/C12

and O18/O16 are within a factor of two
of their terrestrial values, since the ob-
served ratios of

5"10

which is very close to that expected for
terrestrial values;

C'O 499
CO18 89

This implies that the material in the
molecular clouds has had a nuclear
history not substantially different from
terrestrial matter. In particular, the
molecular cloud material has not been
through the carbon cycle in stellar in-
teriors.

Similar results indicating approxi-
mately terrestrial ratios of N15/N14

have been obtained for the Orion
Cloud22 from observation of HCN (J -
2 -* 1). CS34 has also been extensive-
ly observed but C13S is seen only
weakly in the Orion Cloud. Therefore,
accurate sulfur isotopic abundances
have not yet been determined. There
are also optical results23 from CH+

lines that indicate terrestrial carbon
abundance in a completely different
type of interstellar cloud.

The first great surprise in isotopic
observations is the abundance of deu-
terated hydrocyanic acid DCN in the
Orion Cloud.24 This molecule has
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been observed in two transitions, J = 2
— 1 and 1 - • 0, and the 1 — 0 spec-
trum is seen with its expected hyper-
fine structure, leaving no doubt as to
the reality of the identification. The
abundance ratio DCN/HCN deduced
from comparison with HC13N and
HCN15 is 1/170.

This D/H ratio is 40 times greater
than the value in terrestrial water and
100 times greater than D/H observed
in methane (CH4) from Jupiter's atmo-
sphere. It is also about 80 times great-
er than the limit Sander Weinreb ob-
tained in 1962 for interstellar atomic
deuterium in the direction of the radio
source Cass A. This extremely large
abundance of deuterium cannot be ac-
counted for by any known process of
element formation, including stellar
nucleosynthesis or a big-bang model.
The largest fraction of deuterium that
can be produced in a big-bang model,
constrained by the observed density of
the universe and temperature of the
background radiation, is approximately
D/H equal to 10~5. Deuterium is
burned at a temperature of about 8 X
105 K, so that any cycling through
stars can only reduce the D/H ratio.

The contradiction between the ob-
served and expected values of D/H
might be explained by one of two
possibilities: Deuterium production
may take place in Galactic objects
under conditions never previously con-
sidered, or the observed ratio may be
peculiar to hydrocyanic acid and not at
all representative of the true D/H
ratio. Although the first possibility
would indeed be the more interesting,
the latter may play a substantial role
in accounting for the observations. In
particular, the zero-point vibrational
energy of DCN is much lower than that
of HCN; the difference is 598 cm"1,
E/k = 861 K. Therefore in chemical
reactions at low temperatures, the
fraction of deuterium forming hydro-
cyanic acid may be greater than the
fraction for hydrogen.25

The most important reactions deter-
mining the degree of this chemical
"fractionation" involve either H2 and
HD, or H and D. If most of the deute-
rium is in molecular hydrogen, as ap-
pears likely, then chemical exchange
on the surface of interstellar dust
(which is probably the site of forma-
tion of polyatomic molecules) through
the reaction

HD + HCN 5 = H, + DCN

will lead to an abundance ratio

DCN _ H]
HCN ~ H

where 456 K is the net excess binding
energy of DCN + H2 compared to
HCN + HD. The temperature of the
dust grains as determined from in-
frared observations is about 80 K, so

Sgr B2

100 parsec
Sun <0 0 0 0 0 0

Motion of molecular clouds, observed to be expanding out from the Galactic center, is seen
in this schematic drawing. CO emission from throughout this region is observed, showing a
continuous structure that agrees with this interpretation (see reference 10, 1972). Expan-
sion velocity is about 100 km per sec. From reference 20. Figure 5

that equation 9 yields a true deuterium
abundance D/H of about 10"5. Thus
chemical fractionation of deuterium
can be very substantial if reactions
occur at low temperatures. Even
greater fractionation will take place in
exchange reactions between atomic
deuterium and hydrocyanic acid. (Fur-
ther evidence for the presence of deu-
terated molecules is the recent detec-
tion, from the Orbiting Astronomical
Observatory, of ultraviolet absorption
lines due to HD in several low-density
clouds.26)

A probable detection27 of the 92-cm
radio line from atomic deuterium in
the interstellar medium, at a level 2 X
10~5 < D/H < 5 x 10"4, is consistent
with the above observations. How-
ever, a deuterium fraction greater than
10" 5 or so can be accounted for by syn-
thesis in the big bang only for an
"empty" universe (go = 0, p ~ 2 x
1Q-31 gms/cm3): A new type of astro-
nomical object or event may be re-
quired to account for the observed deu-
terium abundance.

Interstellar chemistry

There are two classes of theory for
the formation of interstellar molecules.
In the first, the molecules are formed
in and expelled from stellar or proto-
stellar envelopes. In the second, local
formation is constantly taking place in
the clouds where molecules are found.
The first mechanism has the advantage
of formation in a medium with suffi-
ciently high density (about 1014 c m 3

for hydrogen) for three-body gas-phase
reactions to take place. These pro-
cesses, which dominate "laboratory"
chemistry, will lead to a rich chemical
mixture with relative abundances gov-
erned by simple thermodynamic equi-
librium. However, destruction of mole-
cules by photodissociation due to star-
light takes place on a time scale of 102

to 104 years. The presence of mole-

cules such as CH, CH + and CN in re-
gions transparent to starlight (and
therefore subject to rapid photodisso-
ciation) means that at least these
species are forming locally. In addi-
tion, the vast extent of clouds observed
by microwave lines, containing at the
very least CO, OH and H2CO, suggests
that molecules are very widely dis-
persed, and not likely to have survived
a journey from a star, lasting 105 or 106

years, to reach their current location.
Local formation is therefore required.

The physical conditions for interstel-
lar formation of molecules are far re-
moved from thermodynamic equilibri-
um. At the low density (less than 106

cm~3) compared to terrestrial chemis-
try, present even in the regions of high-
est interstellar density, the time scale
for three-body gas-phase reactions is
greater than the age of the universe.
Chemical reactions are therefore lim-
ited to either two-body gas-phase pro-
cesses or reactions taking place on the
surface of interstellar dust particles.

A complete theory must account for
the rich variety of molecules that have
been observed (see Table 1). In con-
sidering the chemistry it is also impor-
tant to know what molecules are not
present. However, observers are usu-
ally reluctant to report negative re-
sults, which are frequently difficult to
interpret in terms of upper limits on
abundance, particularly for complex
molecules. For example, many observ-
ers have searched for and not found
ring molecules such as ethylene oxide
or pyridine, even though measured lab-
oratory frequencies are available. Ring
molecules are probably less abundant
than other organic heavy molecules al-
ready detected, such as cyanoacetylene
(HC3N),28 methyl alcohol (CH3OH)29

or methyl cyanide (CH3CN),16- all of
which are well known to organic chem-
ists. The question of how far chemical
evolution in the interstellar medium
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has proceeded towards biochemistry is
not yet answered, but it has clearly
gone much further than anyone would
have estimated five years ago.

Among the simple diatomic mole-
cules, we have obtained negative re-
sults at radio frequencies for NO and
SO. Optical observations indicate
that NH is low compared to CH and
CN. The result for NO is particularly
interesting (NO < 3 X 10"3CO) in view
of the very high abundance ob-
tained for CO. The chemical processes
leading to formation are therefore
highly selective.

Formation of diatomic molecules
from atoms by gas phase reactions
have been considered by William
Klemperer and me.30 In interstellar
clouds of low or moderate density,
these gas-phase reactions produce a
substantial abundance of several im-
portant species. The direct formation
from atoms to molecules takes place by
two-body radiative recombinations of C
and H or O and H to form CH and
CH+. Consideration of over 40 total
processes including photodissociation,
recombination, charge exchange and
chemical exchange reactions leads to
the additional production of CN, CO
and C2 but not NO, N2 or O2. The
most abundant constituent predicted is
CO, and reasonably good agreement is
obtained with optical observational ab-
undances of CN, CH and CH + for
clouds at least partially transparent to
radiation. Thus many simple mole-
cules can be accounted for by specific
gas-phase reactions.

At this time there is no quantitative
theory for formation of polyatomic
molecules. General considerations of
reactions on grain surfaces31 and phys-
ical absorption processes indicate that
large numbers of polyatomic molecules
could form on grain surfaces, but spe-
cific predictions cannot yet be made
because reactions on grain surfaces and
even the nature of the grain surface is
only poorly understood. It is clear,
however, from the observations that in-
terstellar chemistry is a young and ex-
citing field requiring new insights into
the basic understanding of chemical
reactions.
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