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observations of the radio property of granulation patterns, dark and
bright mottles, oscillatory motions, plasma nodt~les, and magnetic
field configurations in active and quiet regions. Thus the major goal

of the future instrumentation will be to provide the resolution needed

to relate radio and optical structure in order to identify the physical

processes controlling solar emission.
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INTRODUCTION

Four years ago, the detection of interstellar carbon monoxide [1]

marked the beginning of millimeter wave molecular astronomy. At
present, 33 species of interstellar molecules have been detected in

our galaxy; of these only 4, CH, CH+, CN, and H2, were detected

initially by optical and ultraviolet astronomers and only 2, CH+

and Hz, are observed exclusively outside of the radio spectrum.
Hence radio astronomers canobserve31 of 33 species of interstellar

molecules. Nineteen of 30 have been observed only in the millimeter
wavelength region (wavelengths of 1 mm and shorter) of the radio
spectrum. Eight of 19 do not yet have firm molecular identifications.
From another point of view, radio astronomers have reported 166

lhies h-em 31 galactic molecules of which 107 were detected in the
millimeterw avelength region. Most of the galactic molecular species

and their detected lines have been listed elsewhere [2]–[4]. In this

short paper, the areas of investigation which rely primarily on
millimeter wave observations will be summarized.

STRUCTURE OF INTERSTELLAR CLOUDS

Th(e high spatial resolution of modern millimeter wave telescopes

is the main reason that cloud mapping currently is the most active
area of observational radio research. Typically, the brightness tem-
perature or equivalent width from a given molecular transition k
measured in numerous adjoining regions of a molecular cloud. The
resulting data are plotted as a function of suitable astronomical
coordinates, usually right ascension and declination, to make a two

dimensional spatial map of the cloud. Maps from different molecular

species in the same cloud maybe compared to determine the extent
of the gas cloud and often its velocity structure. As a final step,

equationsof radiative transfer are applied to obtain realistic evakra-

tionsof various physical properties such as gas kinetic temperature,

density, andcloud mass. As one example, data from a recent carbon

monoxide mapping program have been used to determine that the

total mass of molecular hydrogen in L1630, a diffuse dark cloud,
constitutes a significant fraction of the total mass of stars and gas

within the boundaries of the I Ori association [5]. Other mapping
programs have been designed to search for molecular emission from
clouds surrounding stars [6], [7]. In the future, promising stars
will be used as background radiation sources for infrared, optical,

and ultraviolet satellite studies of the interstellar gas.
In general, a long-range goal of all molecular mapping programs

is to understand the procass of star formation. It is generally believed

that the molecular clouds may represent a previously ignored stage

of stellar evolution: the clouds are born when matter (which may
come from dying stars) gravitationally accretes and, in turn, th”e
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89and 499, respectively; carbon monosulfide [13] has12C:’8C and
8ZS:84S ratios close to terrestrial except for the galactic Center regiOn

where the lzC:l~C ratio may be only half the terrestrial value;
formaldehyde [14]in the galactic center has a 12C:18C ratio which
improbably only 20–50; and hydrogen cyanide [15] in Orion appears
to have a 1zC:18C ratio which is much lower than terrestrial. It is
hoped that comparisons such as these will lead to a better under-

standing of the astrochemical formation mechanisms for interstellar
molecules.

FUNDAMENTAL SPECTROSCOPY

A quantitative understanding of the structure of short-lived un-

stable molecular species is very important for numerous areas of
research ranging from the chemistry of reactions to stellar astronomy.
However, many short-lived species are difficult to study in the labora-
tory because either they are quickly destroyed by wall collisions or
they chemically recombine to form other species faster than micro-
wave measurements can be made. On the other hand, the molecular
collision times maybe on the order of years in the low density inter-

stellar clouds; hence the interstellar medium provides an ideal
environment for fundamental spectroscopic measurements of short-
lived unstable molecular species. This was demonstrated convincingly

when observational data from the N = l–O transition of interstellar

CNat 2.6mm were used for the first direct determination of the

CN hyperfine, p-doubling, and rotational constants [16] after
previous laboratory attempts were unsuccessful. The accuracies of

the CN molecular constants are comparable to laboratory measure-

ments of more stable molecules.
The 8-mm wave lines which do not yet have firm molecular

identifications (81.541 [17], 85.435 [8], 87.316, 87.328, 87.402,
87.407 [18], 89.189 (X-ogen) [19], and90.665(’’HNC’’) [20]GHz)
are potentially important to fundamental spectroscopy in a less

obvious way. While some of these lines undoubtedly will be identified
as obscure transitions of well-known stable molecules, it is expected

that many will be found to belong to molecular species too unstable
to be studied directly in the laboratory. Hence, as with CN, the

fundamental constants of these unstable moleculw probably will be
determined from the observational data of millimeter wave as-

tronomers.

COMETARY SPECTROSCOPY

Within the past year the first radio observations of polyatomic
moleenles ina comet were made in the millimeter wavelength region
when the36-ft (lI-m) radio telescope of the National Radio Astron-
omy Observatory was used to detect both methyl cyanide [21] at
2.7mmand hydrogen cyanide [22] at3.4-mm wavelength in comet

Kohoutek (1937~). For years, optical astronomers have observed

the spectra of simple molecules in passing cornets; contemporary
comet theory postulates an icy nucleus which contains trace amounts

of complex (or parent) molecules which evaporate and fragment to

form the simpler (or daughter) moleculex observed at optical
wavelengths. Now millimeter wave astronomy offers the opportunity
to detect and study the parent molecules. It should be noted that
some astronomers expect that studies of parent molecules in comets
wifl solve the old problem of where comets were born [23]. The
current belief is that either comets were formed in the vicinity of

Jupiter by condensing from the solar nebula or they originally
were formed in the outer regions of (or even beyond) the solar
system.

MILLIMETER WAVE MASERS

In December 1973, the first millimeter wave maser was deteeted
near 3.48-mm wavelength in the direction of Orion [24]. The
carrier of the maser emissioh spectrum was believed to be the
J = 2–1 transition of silicon monoxide in its first vibrationally
excited state, but duetoan unusual Doppler pattern, this identi&a-
tion could not be confirmed solely on the basis of the 3.48-mm data.

Subsequently, the J = 3–2 transition (near 2.32 mm) and the
J = 1-0 transition (near 6.95-mm wavelength) of vibrationally
excited silicon monoxide were detected in Orion and were found to
have Doppler patterns matching the emission spectrum near 3.48 mm
[25], [26]; thus thevibrationally excited silicon monoxide identi-
fication has been confirmed. At present, 13ga1actic silicon monoxide

maser sources hive been detected at 3.48-mm wavelength and, in

almost all cases, it h% been found that the emission originates from
the dusty shells associated with late M-type Mira or semiregular
variable infrared stars[ 27]. It would be premature at this time to
try to estimate the impact of millimeter wave silicon monoxide
observations on stellar astronomy, but several research directions are
beginning to materialize. Most of the silicon monoxide maser sources
also display time-varying maser emission from water vapor at
1.35 cm and from hydroxyl at 18-cm wavelength. Thus it is expected

that observations of the three detectkd transitions of vibrationally
excited silicon monoxide at 6.95-, 3.48-, and 2.32-mm wavelength will

help bridge the spectrum between centimeter wavelength radio

astronomy and infrared astronomy and will be particularly useful for

maser research on time variations of infrared stars with dusty

envelopes. Furthermore, if the size of the Orion region supporting
the silicon monoxide is comparable to that found for the water
maser [28] (0’’.01), then the brightness temperature of the siliconr
monoxide maser emission at,3.48 mm is on the order of 10g K; this
is expected to encourage development of line interferometers operat-
ing near .3-mm wavelength.

CONCLUSION

In conclusion, molecular millimeter wave astronomy has yielded

discoveries and observations which not only enhance the content of

areas of traditional astronomy (e.g., stellar evolution, circumstellar

composition, cometary physics) butalso contribute to other research
areas such as molecular spectroscopy and chemical reaction theory.

REFERENCES

[1] R. W. Wilson, K. B. Jefferts, and A. A. Penziiw, “Carbonm onoxide
m the Orion Nebula, ” Aswop7tvs. J. (Lett. ), vol. 161, p. L43, 1970.

[2] D. M. Rank, C. H. Townes, and W. J. Welch, “Interstellar mole-
cules and dense clouds, ” Science, vol. 1742 p. 10S3, 1971.

[3] L. E. Snyder,. “Molecules in space, ” m Spectroscopy (Physical
Chemistry Series 1), A. D. Buckingham, Ed., MTP International
Retiierc of Science, vol. 3, D. A. Ramsay, Ed., London, England:
Butterworth, 1972, ch. 6, p. 193.

[4] D. Buhl, “Molecular clouds in the galaxy, ” Proc. IEEE (Special
Issue on Radio and Radar Astronomy), vol. 61, pp. 119S–1,204,
Sept. 1973.

[5] K. D. Tucker, M. L. Kutner, and P. Thaddeus, “A large carbon
monoxide cloud in Orion, ” Astrophys. J. (Lett. ), vol. 1S6, p. L13,
, rl?a
,U, .1.

[6] P. T. Giguere, L. E. Snyder, and D. Buhl, “HCN radio emission
from the hourglass region of M8, ” Astroph~s. J. (Lett. ), vol. 1s2,
n T,ll 1973

[7] ~.=~-Lo;~nl"P. A. Vanden Bout, and J. H. Davis,. `` Carbon monoxide
emission from nebulosity associated with Herblg Be and Ae type
stars, ” Astrophys. J. (Lett. ), vol. 185, p. L67, 1973.

[8] L. E. Snyder and D. Buhl, “Interstellar methylacetylene and
isocyanic acid, ” Nature Phys. Sci:, vol. 243, p. 45, 1973.

[91 L.E. Snyder et at., “Radio detection of interstellar dimethyl ether, ”
Astrophvs. J. (Lett. ), vol. 191, p. L79, 1974.

[10] P. M. Solomon, “Interstellar molecules,” Phys. Today, vol. 26, p.9.? ,nn9
[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]
[23]

[24]

[25]

[26]

[27]

[28]

0,
L
Nature, VO1. 242, p. 33,
A. A. Penzias et al.,

,4, lU,.3.

. E. Snyder, D. Buhl, and B. Zuckerman, “Origin of the elements, ”

“’+~9~&/12 @80 ~~ti~S in IIiII12 HII region%”
---- -------

>rts. “Hyperfine struc-
ler CN radical determined from astronomical constants, ”----- . . . .

W. Wilson,
Sagittarius

ture of th
Phys. Rev. bezz., vol. 3z, p. (UL, lY’74.
P. M. Solomon, A.. A. Penzias, K. B. Jefferts, and R,
“Millimeter emission lines of polyatomic molecules in
B2, ” Astrophys. J. (Lett. ), vol 1!7.6 n T.6!2 1L372
K. D. Tucker, .M. L. Kutr
interstellar qu
D. Buhland L
vol. 180, I
L. E. Sny
molecules, ” Annu. N.Y, Acad. Sci., vol.
B. L. Ulich and E. K. Conklin, “Detef
comet Kohoutek, ” Nature, vol.
W. F. Huebner, D. Buhl, and L
S. P. Maran and R. W. Hobbi
houtek, ” Astronaut. Aeronaut., oct. 1973.
L. E. Snyder and D. Buhl, “Detection of possible maser emission
ne?r 3.48 millimeters from an unidentified molecular species in
Orion,’’Astroph~s.J. (Lett. ), vol. 1S9, p. L31, 1974.
J. H. Davis: G. N. Blair, H. Van Till, and P. Thaddeus, “Vibra-
tionally excited silicon monoxide in the Orion nebula, ” Astrophus.
J. (Lett. ), vol. 190, P:, TJ117 1074
P. Thaddeus et al., (
transition of vibrationally excited SiO, ” Astrophys J. (Lett. ), vol.
lN92K~if~3a 1~7~

------- ,r._.-,...-.
ner, and P. Thaddeus, “An unidentified

!artet, ” in preparation.
,. E. Snyder, “The problem of X-ogen’, ” Ast?ophus. J.,

n ?Ql 1072=. ..- ,----
rder and D. Buhl, “Detection of several new interstellar

194, p, 17, 1972.
ction of methyl cyanide in

248, p. 121. 1974.
. . E. Snyder, in preparation.
!5, “A great comet coming . . . Ko-

-. ... .“:. .

Observations of the J = 1 – O rotational

.“, . . . . .

D. Buhl, and L. E. Snvder. ‘ ‘Vibrationallv excited SiO—
A new type of maser source in the niillimeter wavelength region, ”
AstroDhus. J.. to he nublished.
J. M.” M“oran “et d.,-’: Very long baseline interferometric observations
of the H~O sources in W49N, W3 (OH), orion A, and VY Canis
Majoris, ” Astrophys. J., vol. 185, p. 535, 1973.


