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Chapter IX - Interstellar Molecules and Stars in the Making

. The succssses achiasved in mapping the spiral structure of
the Galaxy and in elucidating the dynamics of galaxies In general
from studies of the radio frequency line enmissions from neutral
hydrogen encouraged radio astronomers o look for radio emissions
from other atoms in interstellar space, 1t was realized that
rocognition of any such signals would be difficult bacause othar
stoms would be present in much smaller numbers than those of
hydrogen, and the prodbability of radio emission much lower than
for optical lines. The enargy of a quantum of radiation at radio
frequencies 1s .a million times weaker than for visible 1ight, and
so £zx radlo emissions can only arise from rearrangements within
an atom that involve very slight changes in its energy. Of
the relatively few atoms likely to be present in space in which
spin interactions may occur deuterium, or heavy hydrozen, Hz,
w2z chosen as the next most likely source of a radio frequeacy
line. It was not very promising howsver since the emission was
sxpected to be much weaker, and deuterius many thousands of times
isss abundant., A significant factor in selecting deutsrium
was that the frequency of its line emission had been neasurad
with high precision in laboratory tests, at 327.3343 Mz,
ﬂunorous attespts wers made over several years to detact
the deuterium line, The world's mest powerful radio telescopes
in the U.S.5.R., Oreat Britain and Australia carefully scrutinisad
soms of the strongest known sources, particularly that in the
constellation Cassiopeis, for signs of absorption at the deuterium
frequency. In the process techniques were improved to yield
sons of the mest refinsd measurements that have been made in
radioastronomy: Weinreb st the Massachusetts Institute of
Technology, for examsple developed correlation techniques which
wore capable of detecting deuterium if the concentration were
less than 1/13,000 that of hydrogen. These efforts were
unsuccessful, howsver, and attention was turned to another pos-

sibility, the combination of hydrogen and oxygen, 0il, which
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chemists call the hydroxyl radical.

. The internal enargy of a molscula is normally made up of
three components: aelectronic, associated with electrons in
their orbits; vibrational, dus to vibration within the nucleous,
and rotational, associated with the v¢umbling” of the whole
molacule. Energy levels in =molecules are generally more com-
plex than in atoms. Changes in the electronic energy commonly
72333Es80280828233328R of optical spectrum lines, and in the
vibrational energy of infrared radiation. Transitions betwsen
possible rotational states for some molecules involve energy
chenges which result in emission at microwave fresquencies, and
hence are of ;pﬂcill intersst to radioastronomers. In the
case of the 0ii molecule in its lowest or ground state the
sloctron distribution can be sither along the axis around which
the molecule is spinning, or im the plane of the rotation. The
difforencs in energy lavels is such that amission (or absorption)
sccurs in the microwave region at a wavelength of about 13 cms.
This is said to be dus to "lambda-doubliag”. In either con-
figuration however thers are two other possibilities: the
aagnetic moment of one aucleus can bs esither akiy aligned with
or opposed to the internal magnstic =moment of the =oleculse.

Each of the lambda-doublet states is thus split into two
sublevels, so that the hydroxyl molacule has four energy lavels.
These are indicated schematically ia Fig. 1, and the frequencies
related to transitions from one level to gnother are shown in
Fig. 2. Theory indicates that the flip from a te c is the
most 1ikely transition, with b to d the next most probabls,
£ollowed by b to ¢ and a-d: them rolative probabilities, and
hence intensities, should be in the ratlo 9:8:1:1,

The first oxploratory sttempt to detect OH was made in
1953 by Barrett and Lilley of the U.5. Naval Research Laboratory.
They looked for absorption at frequencies corrssponding to the
two strongest lines (1667 and 1665 Mdz) in the spectrum of the

strong radio source Cassiopeia A but were unsuccessful: at
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that stagse the frequency of the OH lines was not known to bastter
.an 10 MHz, Aa important step forward occurred in 1969 when
Townes and his group at Columbia University succesded in
measuring §he frequencies of the two main lines in the

laboratory as 1667.34 and 1665.46 MHz, with an estimated prohable
error of 30 kiz, It was not until 1953, however, that OH was
found in extraterrestrial sources, when WNeinrab, Barrett, Haoks
and Heary, using the highly sensitive correlation rsceiver which
Weinreb had developed for studies of dautarium, achiéved success
at their firat try. Thoay used the 84 foot radio telascope of
the Millstone Hill Obsarvatory of the Massachusetts Institute of
Tachnology and found significant absorption in the spectrum of
Cassiopoia A due o the 1667 Miz line during thelr first evening's
observations on 15 Octodber 1963.% Shortly afterwards they

found sbsorption also at 1665 Midz, the other known Ol 1ine, the
rslative intensitises being in the ratio of 9 to 5, in agreement
with thsoretical predictions. The absorption was s=all and
indicated an average concontration of OH in that direction of

about 1 moleculs per 10 cubic rmetires: The sbsorption spectrunm

*This discovery came st an gpportune time for radioastronomers,
when sn Extraordinary Administrative Radie Confersnce was sitting
in Ceneva to discuss the allocstion of frequencies for Space
Resoarch and Radio Astronomy, Announcemant of the discovery
was received by telegram during the closing sessions of the
Confarence, which allocated 2 band from to for
study of the O lines. The allocation, however, was not on
an exclusive basis but a2t loast recognises the need of radio-
astronomy for protection from "commercial™ users of the radio

frequency spectrunm.
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agread generally with that of nsutral hydrogen and this, in
.sociatzlon with the close agrssment batween predicted and
observed frequencles and intensity ratles, indicated almost
beyond doubt that O molecules were prasent in the interstellar
space between us and Cassiopeia A. It was perhaps fortunate
that this encouraging picture was not confused at this stage

by the anomalous and puzzling features which were to be ravealed
later,

News of the dlscovery by Weinreb's group was coaveyed to
other radioastronomers in advance of formal publication and on
20th Havaabar~1963. a month after the first obssrvation of OH,
it was confirmed by Australian radioastronomers at Parkss.
Zolton, van Damme, Cardner and Robinson used the 210-foot dish
with a rapldly improvised receiver to study the source at the
centre of our Calaxy, Sagittarius A, and found absorption at the
two hydroxyl frequencies & 1667.357 and 16565.402 Miz. Threa
weeks later Ewen and Dister at Harvard confirmed the presence of
c# in both Cassiopeia and Sagittarius, closely followad by Yeaver
and ¥illiams at the Unlversity of California.‘ Thore was thus
a0 doubt about the axistence of (i as sa iaterstellar noleculs,
but was it likely to be of any astrophysical sigaificance?

As more information came in it bscame apparent that OH
provided an excallent tool for problag the complex conditions
2t the galactic centre because the hydroxyl llaes ars narrower
than the hydrogen lines. The width of a lina is daternined by
the range of velocities in the line of sight of ths molecules
producing it, their motion being due partly to thelr temperature
and partly to streaming, rotation or turbulence of the cloud as
a wholse, The thermal componsnt is inversely propertional to
the square root of the mass, and so in the case of Cli contributes
only about one guarter as much as H to the observed width of
the line., Measurements of the line widths of both OH and H
from the same source thus enablo}tgornal component to be
separated from that due to the motion of the cloud as a whols.

In Cassiopeia A OH measurements showed that what looked to
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be one cloud from i line mesasurements was, in fact a palr of
.louds moving with dlfferent velocitles (see Fig, 3).

Some ©of the flrst surprises caas as observations were
spread over a wider range of frequencies. 2olton and his col-
leagues at Parkes were the first to show that strong O ab-
sorptien 1s sometimes found whore thers is very little hydrogen,
and that the 0i clouds are often moving in quite differsnt
directions, 1In Fig, 4 for example it can be seen that the two
profiles have little in common. The hydrogen shows wall-marked
dips at radlal vslocities of 0, -30 and -53 km/s - representing
gas in varicu? spiral arms, the last two moving towsrds the
solar system 1.e, cutwards frows the contre of the Galaxy -
and these same features also appear but less prominsantly in
the OH profile, The hydroxyl spectrum however shows pxaMxsx
pronounced absorption at s radisl velocity of +40 km/s, indicative
of a cloud or clouds moving inwards {,e. towards the Calactic
centre, This feature has no such prominent counterpart in
the hydrogen spectrum: 4t was completaly unexpected, as was
slso the fact that the relative intensities of the lines at
1667 and 1665 Mz wers nlmost equal instead of being in the
ratio 9:5,

The absorption dus to OH in the direction of the centre
(>60%) was very much greater than in the direction of Cassiopeina
{1.53), and this encouraged Bolton and his colleagues to look
£or the OH satellite lines, At that stage their froquencies
were known to only ¢2 Myz, The line at 1812,231 MHz was
sasily located and turned out to be 2t least three tines stronger
than anticipated: shortly afterwards its higher frequency
conmpanion was also detected, at 1720,53 MHz, Iin the meantine
radicastronomers at iarvard had discoversd an OH cloud toward
the galactic centre which is moving outwards at a spesd of
120 km/fs, again with no associated absorption due to hydrogen.
There is clearly a high proportion of hydroxyl radicals near the
central regions of our Gaslaxy. Further cbservations showed

that all four lines could be seen in absorption in a number



Chapter IX - 6 -

of diffarent rozions but their rolative strengths consistently
.aiiad 2o agres with the predicted valuas, and thus could not

ba reconciled with the concept that the population of ths various

energy levels was in accordance with a Soltzmann distribution.

It was clear that the CH was not in thermal equilidrium: radlal

velocity measurenents in the gensral direction of the Galactic

centre ranged between +200 km/sec and ~200 km/sec so the gas

was obviously in violent motion in this regionm,

0if in Enission
I'xcept for the powerful source in Cassiopeia in whose

spectrum Oi absorpticn was first deotected, thers was no sign of
Olf in front og other strong sources., Xxx Weaver and his col-
leagues at the Hat Creek Observatory of the University of
California then turned their attontion to HITI regions for'
evidence of emission by 04 - and found it, first in the nedula
known as ¥49, The amating feature was that the eaissien profiles
wers sxtremely narrow and the intensities 2gzain complately
anomalous, 1665 being considerably stromger tham 1667, This®
factor aad the lack of clese 3gresaent batween profiles at these
two frsquencies suggested to the 3srikelay group that some unknown'
slament may be responsibls for the eaission at 16685 Mdz., They
named it "mysterium", The 1line profiles were made up of a
ausber of narrow spikes, mostly less than 2 kHz wide, and the
ratlo of the intensity of oach spike at 1665 and 16567 varied so
=uch that the linss differad markedly in shape. Fig. 5 shows
some oOf the Initial rasults ebtained by the Berkeley group.
Observations at M,I,T, and at Parkes shortly afterwards removed
any possible doubts: myszerium was none othor than OH in an
interssting new role. Fig. & illustrates the narrowness of

the spikes in part of the 1665 MHz profiles. The Parkes group
obsaerved all four OH lires in smission in s number of sources

and - as might have been expscted from previous behaviour - with
line intensity ratios which varied narkedly from source to source,
Heedless to say astronomsrs by this time had begun to take a

keen interest in the new discoveries becsuse they cbviocusly
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provided new 1ight on the far from statlc state of affirs in

.3 caasre of our own Salaxy.

Polarization

The 0i emission is almost invariably strongly polarized,
nmostly with a high degree of circular polarizatiom. Individual
spikes are often more than 903 circularly polarized, sozetines
on all four lines: the left-hand sonse predominates. A sig-
nificant depree of iinear polarization has also haon.reportod
for a number of sources., One of the few mechanisms which could
produce circular polarization is the Zeeman effect which occurs
when the :auréc is located 1n a magnetic field, For a field in
the 1las of sight the A-doublet 1lines 15685 and 16467 MHz should
have clreularly polarized componeats displaced on elther side
of thair normal froquency while the satellite lines should split
in to six m cozponents. The observed profiles csnnot readily
b= explainad ia this way and sors extensive polarization measure-
nents will bs necessary befars ths mystery of the origin of the
nolarization can be solvsd, Typical OH emission profiles
recorded In loft and right-hand pslarization are shown in Fig. 7.

Polarizaticn has not been cobserved in any of the OH

sbsorption features.

Size of the OH Scurcos

Attesp?s to rosolve ths OH sources were made at M.I.T.,
Owens Valley, Jodrall 3ank and Parkes using interferometers
with base-1ines up o some thousands of wavalengths long, but
wore unsuccessful, The HII regzioa 743 began to be resolved
with a basollne of 8300 k» (nearly five million wavelengths),
but very long baselins techniques spanning continental U.S.A.
were needed to partially resolve some of the components in W3,
Thesa observations wers nmade batwoen CGreenbank, West Virginla,.
and Hat Creek (Califoraiz) (a distance of 1.95 x 107 wavelengths)

and showed that some of the enisaion was coming from elongated
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rogions about 0.01" long and less than 0,005 in width., The
.«casured intensity 1s such that for this size the brightness
tomperature of the source (at the assumed distance of ¥3,
1700 parsecs) must be about 1012‘K. For regions which wers
not resolved at that spacing the brightness temperature must
be substaatially higher >1013’K. Cbservations over an even
ionger baseline were mado in 1949 between Parkes, Australis,
Owens Valley California and CGreenbank West Virginia. Several
more sources were resclved indicating sizes less thQn .01
seconds of arc, but a number were unresolved and are thus very
much smaller. Confirmation for the small sizes comes from the
fact that the positions derived from measurements at 1665 and
1667 Milz, and from components of the profiles with a velocity
spread of 5 km/s usually agres within a few seconds of arc.
Strong scintillations were observed by Robinson and Goss at
Parkes when the Sun passed within 5® of an OH source in Sagittarius
in December 1967, Flg. 8. This provided an upper linmit of
2.1 seconds of arc to the sizes of the two componenzs of this
source, which is at a distance of 10 kiloparsecs. Its linear

3 gi:s;:!; parsacs or

dimensions must thus be loss than 5 x 10~
1.7 x 1011 kn, 1.9, they would ecasily fit within thes solar
systen, and not extend much beyond the orbit of Jupiter.

- Hany of the sources are double, at separations which are
ssasured in tens of seconds of arc and thus resolvable with

large dishes,

TAENAAIX
idantificasion of the Oii Emission Sourcas

OH emission was first discoversd near HII regions and
roughly one third of ths known HII! regions have OH sources in
or naar them, mostly wall to tha side of the ionized areas.
Only thres of the strongest sources ars associated with well-
known nebulae, namely ¥3, NGC 6334 and Orion: the source
positions are known to within a few seconds of arc from inter-

ferometer observations and this accuracy is enough to show that
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for the two firstnamed at least no familiar object is responsible
.r the emission. The location of the OH source in W3 (the
nebula 1C 1795) is shown in Pig., B8: it is wall removad from the
arc of nebulosity and from the positions of the continuum sources,
but near 2 weak source which has basen detected at &2 6 cm, There
ars two CH contres of emission in the nsbula NGC 6334, their
position being indicated by circles in Fig., 9. The emission is
strongly circularly polarized. The source B has cospenents whosa
intensity has been observed to rise by as much as five times in
a period of one or two days and then subsided over about a week.
In the cass of Orion the OH source is centred on the nebula and
23y be coincid;nt with a source of infra red radiation which has
been detected in this nebula.

The conditions which lead 2o emission by the hydroxyl

zoleculs are not yet fully understood. The OH clouds ars most

requently found near regions of ionizad hydrogen but do not
appsar to be associated with any particular feature of the visible
nebulosity, nor with absorbing dust ¢louds since thers are no
traces of OH enission in the prominent dark Iages characteristic
of nebulae such as NGC 6334, The radial velocity of at least one
component of the OH emissien usualiy agrees closely with that of
the associated HII region, Emission has also been obsarved from
other non thermal sources, in particular from the direction of
two shell-type sources which are probsbly supernova remnants.
Fer & number of them a characteristic feature is emission on one
of the satellite lines while the other lines appear in absorption

OBIYQ

Hechanisa of Enmission

The outstaandinz properties which must be accounted for in any
explsaation of the emission from OH are the extremely high bright-
ness temperatures, emission in tho form of narrow x"spikes", high
degree of circular polarization and departurs from thermodynamic
equilibrium iandicated by the wide variation in intensity ratios

at the four line frequencies,
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Origin in any possible thermal process is ruled out on

.11 four counts. The explanation which comas closest to satis-

fying some of the requirements is that here we have a matiax

natural maser in operation (see page ) i.e. due to sonme

local "pumplng™ action more molecules are in higher energy

statss than is normal, and in returning to the ground state

thoy emit radiation which strongly reinforces the continuum

background at the O line frequencies, The amplification

factor needs to be very high (10") and at thase high gains the

lines would be expected to be very narrow, and to vary widely

in intensity from line to 1line, It is difficult howsver to

snvisage 2 pumping mechanism which will rsplenish the higher

=¥ onergy states at a sufficient rate to maintain emission from

the Oi condensations: the most efficient process appears to be

by means of ultra viole2 radiation (from the associated HII

region) at a wavelength near 3080A° but the efficiency of this pro-

c23s is much too low to explain the high brightness temperatures

sbserved, Furtheor sbserption by OH itzelf would seversly limit
~ the distance to which the ionlzing radiation could penetrats inte

s cloud., Apart from these factors none of the possible pumping

Processes -~ by microwave, infrs red or ultra vioiet radliation -

could produce the predominantly high degres of circular polar-

ization observed in all four iines, nor the preforsace for ths

lsft-handed sense,

The inadequacies of the radiation-pumped hypothesis has

led to a search for other explanations and interest has been

focused on chemical reactiens which can occur in regions of

high density and are capable of producing OH in an excitod state.

These processes cannot explain the high dagres of circular

polarization but at least operate more effectively as the

density increases, where other pumping processes ars unable

to penetrate far enough into the cloud, The OH sources are

observed to be on the outer edges of HII regions and are probably

produced in the shock front shesad of the expanding gas., Under
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these conditions there are several reactions which could produce
.! in an invertad state, but consideradly mors data is nesded
hafore a decision csn be made as to which of the possible maser

mechanisas, or perhaps combinations of them, is acting.

Datection of Isotopic OH

The most common species of the hydroxyl molaculs is
Olﬁu, the isotopic variation olan having an abundance ratio on
Earth of 1 to 490 the line fraquenciess to be cxpectoﬁ from
0121 wers computed by Barrett and Rogers in 1964 and cne line
of the lambda-doublet was 3 first observed in absorption at
Parkes in Jul} 1963, the frequency being 1639.450 MHz, Shortly
afterwards it was detected by Rogers and Barrett at Greenbank,
their rssults being shown in Fig. From the depth of the

IGH the sbundance

absorption faatures relative to thoss for O
ratio 13 about 1/500, close to the terrestrial value. Several
atteapts have besn made to detect the second nmost intense line

of the lambda doublet pair at 1837.4 Mz, but without success,

0 molecules ss Tracavs

The patchy distribution of the OH condensations, their
small sizes, and the fact that they are embedded in HI regions
and also smong the continuum sources and yet, particularly near
the Galactic centrs, have their own peculiar motions (often
with high compoments in the line of sight) means that they can
be used as tracers to halp in delineating the complex process
in operation in that rszion. Iin thess most interesting areas
of our Calaxy which arc forever hidden from optical view by
cbscuring dust clouds we are completely depeandent upon the
story roleased by the only radiation - of lenger wavelength -
which can penetrate these clouds. The addition of OH to what
for years was believed to be the only possible probe, namely
the 21 cm hydrogea line, has therefors been eagerly walcomed

by astrophysicists. The revelatioa that such molecules can
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oxlst in abundance in interstellar space has come as a complete -
zad walcoms - surprise, with its implication that other molecules
nay also be datactable. As we shall sse below several have
alrsady beesn found, among them most surprising of all, water!
Perhaps the most exclting prospects are that the clouds of
0li that havs bsan detscted represent the culmination of the first
fow thousands of nillions of years in the life of a gas cloud
which ia collapsing to foram stars. We cannot yet determine the
x33333 or the densities of these OH condensations but the indications
are that they are quite massive though still only ten dagrees or
so ahove asbsolute zsro. The densities are not high but adequate
for the formation of other compounds, and the clouds may well
have reached the crucial stage when condensatlion is about to or
taking place at a much faster rate, i.s. the “proto-star™ stage.
This i3 the phase in the birth of s star which, until now, we
havs not been able to watch, when the teaperature reached in
the collspse of the original gas and dust is not high enough to
produce optical emission, The possible contribution from studies
of the puzsling snd coatrovarsial 18 cm emisslons from hydroxyl
molecules as they are tossed about in the turbulsnt shock fronts
2f sxpanding HII regions is highlighted by the fact that some of
these OH clouds are also the sources of strong infra-red radiation,
The first of these to be located is within the Orion nebula, one
af the most famous of the known stellar nurseries, and others
ars associated with very young stellsr sbjacts, cns of them

(3L Cygni) the strongest known emittsr of the OH line at 1612 MHz,

Othayr Interstellar Molecules

The first of 2 series of discoveries in which thes existence
of further common molecules in interstellar space was revealed
took place in Decsmber 1968, whem C.H. Townes, dizxyxmxmax
discoverer of the maser, and his colleagues from the Departments
of Physics and Radioastronomy at the University of Berkeley
dotocted weak microwave emissionm from ammonia, They used a new

20-foot dish at the Hat Creek Observatory of the University
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f California and found weak emission at a wavelength of 1.25 em
iron a denss cloud of gas and dust in the vicinity of the
Galactic centre - having first searched unsuccessfully in
Cassiopeine and the stroang OH and infra-red source NHL Cygni.
The volume-density of the ammenia was estimated to be sbout 10°3
per litrs and its most likely origin to be by absorption of
hydrogen and nitrogsn on grains of interstollar dust, followed by
puazmisz photo detachment, bombardment by particles, or sublimation.
A means for revealing the part played by nitrogem in the
relatively cold arcas where 0if i{s also present and stars are

in the making. thus becomes avallable,

Vater

Following proof of the existence of hydroxyl and ammonia
molecules in space it was scarcely a mxz: matter for wonder that
the next to appear should be watsy! Townes and his group wers
sgain responsible for this discovery, which was alse made at the
iat Creek Observatory, strongz cnission being found at a wave-
length of 1,35 ca §2RxRA4 (22.235.22 MHz) from the Orion Nasbula -
where they had been unable to find any traces of ammenla, it
was located also in z number of other sources, the antenna tea-
perature being at least 55°X for W43. The high intensity plus
the fact that line widths are very narrow suggesis that the
radiation may not be thermal in origin. The line was attributed
to water bocause it coincides closely with the laboratory frequency
and no other known atomic or molecular traasition could account
for it, The possibility that it might arise fros water vapour
in the Barth's atmosphare was easily ruied out by the fact that
it occurred only in threse highly localized directioas in space,
and showed a diffsrent Doppler-shift for each sourcs: had it
been located in terrastrial clouds its emission would have

occurred at the frequency determined in the %k laboratory.
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Formaldehyde
The third in ths series of discoveries was that of the

organic compound formaldehyde (H.C.H.0.) which was found in 15
of 23 sourcas survsyed with ths 140 footr radio telescope of the
1.5, Naztional Radio Astronomy Obssrvazory at Greenbank in

12469, The line appearsd in absorption in each case,
tho rest frequency being-4329.6s MHiz (near & cms). It was also
Jdetectsd in 26 out of 47 continuum sources surveyed with the
21%-foot telescope at Parkes, The lines, in general, are sfnglo
and have velocities siuilar to those of the associatad sources
50 the formaldshyde clouds are possibly assoclated with them.
The profiles have a general similarity to those of OH. The
fornaldahyde is present in sources which have also been found
20 contain water but ammonia and formaldehyde have not been

found to ocecur together .

Tuture Prospects

The detection in successisn of 0, watsr, asxmonia and
formaldehyde suggests that such molecules nra‘prebably relatively
common ingredients of interstellar space - COntrary to an earlier
belief that the intensity of ultra-violet light would be too
great to permit the fornation of ccmplex molscules. The
£aature of particular interest is that these compounds occur
2n sonmo of the most interesting cornevs of our Galaxy, relatively
cold regienétof dust and zas in which new stars ars in process
of formation, it i3 too sarly yat to forscast the full bounties
£o bo reapod from theas discoveries but it is clear that the
radio asasurements will provide vital data on the temperaturas
and concanatrations involvad in such avents, Farnaldeshyde is
of spacial significance because it nrovides indirect evidence
that methane 1s a2lso present: s=methans is ono of ths basic
compounds belloved nscessary for the coamsncement of 1ife but
thero appears to be no possibility of its detaction by direct

maans. ¥e may reasonadbly hops that further observations will,
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. dus course, shad soms light on the composition of primeval
atmospharaes "in the beginning®. amdxzisxpmxyimompmes and thus
on the origin of 1ife itself.




