. SOLAR SYSTEM RADIO ASTRONOMY .
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1. MOOK (Diamé£¢f ; 30’}‘”

- :‘Tﬁé;radio'émission_ffomvthe Moon haé a méén‘teﬁpefétuféidf‘;;ﬁébob R

_ plué‘a 2?.5 day sinuéoidai’variaﬁion‘WhQse amplitude décreasesfwith gre#tef J
vdepth,info the lunar surfacé.  Tﬁé &eﬁth'df penétratibn is’propoffional‘tol-

'vtbe.radio'waveléngthnénd'thefefdre, byﬁcomparing'fhe phase and amplitude’4

?iofﬂthé’diufnél>Variation étvdifferentiwaQelengths, some information.ébéuf

B  the bulk propérfies §f the lunarvéurface;layer can be oﬁtéined.

;Infra red.observétionskof-a Lunar Eclipse havebfévealed a rapid temper-

ature decrease for most regions (400° K ~» 200° K). This indicates a very

porous insulating surfacs. Numeroué bright‘réyed crétefsvhavevénhanced
thermél;emissioﬁ’dufing the eciipse, being,aé much,a8150° K Warméf théﬁ
‘their'sufroundihgs..'SeQeral of the Luﬁar Maria a1so exhibit an elevated
.‘témpé:atﬁre.of?v 5°Ki' | | _ :
| Radio observations of the Mbqh at A = évéﬁ (depth ~ 1/2 m) have
~revéaledfdepartures from the diurnal temﬁerafure veriation of ~ 5°K for
several of’thé Maria, Howéver, no‘sigﬁficaﬁt.depérfﬁres were 6bserved‘fofv
the}brigﬁf rayed cratérs. These reéults_suggest.that the,origin of the
- thermal éﬁomalies in the crateré is fhé 1afge boulders and surface roughness
':ch'thsse rc1a+ ‘ .
' relatively dense surfé;e matériai probably due.to lava flows, Presumably
. thiS:Mére filling followed thé gigéﬁtiq impact wﬁich left behind the Mascons
buried in the Mare'baéins; | |
Radar'observations ( Xi =’3;8 ¢m and 68 cm) sﬁow:s{rsng refleetions from 

the very young crater Tycho and smaller returns from the other craters and’



@

~and | Naria Thls flts 1nto the general plcture of a rouSh rocky surface for

"’the brlght rayed craters and larﬁe areas of dense materral fllllng the Mare4

II.

' basins. -

VENUS'(MaXimum‘Diameter’l’).

b/ Because of the cloud layers on the planet Venus therloﬁer atmosphere‘_

“apd surface are only accessable to radlo and radar observatlons or. Satelllte

l
probes; ‘Radio observatlons at k= 6cm glve a max1mum temperature}of‘éSO K

" Wlth a decrease at longer and shorter wavelengths This value of 650° Kis

assumed to be the surface temperature, The decrease at shorter wavelengths :

7 is due to‘the increasing optical thickness.offthe atmosphere. At theawater

: j : . : .
! . § . . o e . . .
vapor line wavelength of 1.35 cm the main emission is coming. from an alti-

tude of 50'km’ stlll well below the. cloud laye Accurate meesurements of

radio temperature of Venus around this vavelenoth would settle the questlon
of how much water vapor there is in the Venus atmosphere

Interferometer observations of Venus at A 11 cm have been used to

. determine the dlurnal temperature varlatlon of the_surface‘of the planet.
*rThisbrariationvis only_189rK betneen the'day and;night sides. Sinee the day
son Venushis,243 Earth days, there must be'consdderable heat transport in the
lower atmosphere of‘Venus to dllow this:small a temperature difference. Inh
"addition, very'little cooling of the polestis observed. Since the surface

pressure is 100 atmospheres,’uhe"e conditions are quite reasonable,

" Radar observations of Venus have determined that the rotation of the
planetlvenus is‘retrograde with a possible lock to the Earth's orbit. A
number of features have been identified on the surface, but a map of the

surface will probably require a bistatic radar experiment using a satellite -

| orbltlng about the planet. A comblned radar satellite experlment has already

ylelded a very accurate radius for Venus of 6053 km,
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Iv.

polar caps of CO2 frost Surmace temperat

MERCURX'(M&leum Dlameter 12")

A very hot Noon llke planet Nbrcury has been shovn by radar measurements

‘to have a synchronous rotatlon perlod equal to 2/3 1ts orbital perlod’~ Radlo

 measurements at various- Wavelengths and 1nfra—red observanlons 1ndlcate a

very porous surfacc wlth some radlatlon conduot1v1ty in the upper layers

‘MARD (Nax1mum Dlameter 6") S "sv. SR b, B

Mars appears to have seasons 11ke the Earth w1th developwng and recedlng'

‘02 *H

P Teen 200°>K and 300°

.."-

Wlth a rotation perlod about tbe same as the Tar éj'

1“uffaoe pressufe 1s 1/100 atmosphere prov1d1n6 1it 1e heat transpOft

6

or proteotlon 1rom solar uv. As a result 1t is unllkely that the seasonal

-

' varzatlon in the COlOf of thc 110ht and dar areas is dae to sone forn of -

plant life. Altltude varlatlons as determvned from 002 den81*ites are rather’

large (/u 10 ¥m.). There appears to be 1o volcanlc activity at presen+ and .

" a large number of crater ba51ns can be seen in the Marlner photocraphs

JUPITER (Maximum Diameter 40")

Low frequency radio emission from Jupiter (10.- 100 Miz) contains very'
large bursts a@parently associlated with the satellitevlo. When the satellite -

is 90° to the Farth-Jupiter line the maximum-number of bursts occurs. This

~is thought to be the result of To pulling a section of the magoetic field of

“Jupiter through the plasma io the Van Allen belts, and ofeating_a dynamo

which dumps large currents at the plahets surface near the poles.

Radio emission at & = 11 em is primarily synchrotrOn from the high
energy particles in the Van Allen belts. 'Thisbaopears as'a.dumbell centeredg
on the planet and‘extendingvsiZ"on either side perpendiou1arAto'the magnetio;

axis, The beits rock back and forth in the 10 hour rotation period indicating .

. ~ ' C e V ' . . .
“a tilt of 10™ between the magnetic axis and the rotation axis. There is also



apparen%ly an assymetry 1n the belts whloh rotates w1th the planet Further e
1nterferometer and polarlzatlon meauurements of Juplter w1ll help clarlfy
the geometry of the- magnet1c field and hlgh enerby partlcles

. Short wavelength radlatlon from Juplter is prlmarlly thermal em1s3lon

from the 1)O° K planet Em1381on in the range 20 - 30 GHz exhlblts the,

shape of-the‘ammonia bands,,which,is a major consfituent of the atmosphefe.

VI. SATURN AND THE OUTER PLANETS (Diameter less than 20")

.}Neiradiation belts.nave 5éen detected_for Safurn. Reéent infra-fed
measurements of Saturn's rings have shown a spectral bandehlch could be
‘ammonaa‘orIWater frost. | | | |

| Uranus and Neptune have been detected ln the 3 mm to lO em range but

’ verJ llttle is known aboqt these planets

VII, 1SﬁN- (Dianéter = 30)
| Solar burst emlssion at long wavelengths can be classified into va:ious
-'types depending onvtne_duration, direction of frequencyidfift, polarization
o and'intensity,. Bursts are apparently related to‘flares in°active regiorns,
It is thought that shock waves in the lower solar atmosphere propagate
upward and cause. plasma bufsts in the upper atmosphere Large bursts arev
| usually accompanled by parulcle emission in the solar wind along the magnetic
field lines which probably extend at least as far as Jupiter, 5 AU from the
. PR B
~ Short ﬁavelength emission is slowly varying and assoeiated‘ﬁithvbright
plage regions seen in'H;(b._ Occassional flaring can Be seen over a period of
several minutes‘to hours. At PK = 3an the enlSSion originates fromtvpé;OOO km
above the photo ph ehde andpin active‘regiqns is 100° K to 7OO°vK~hotter than

vthe,qulet Sun. Codlbregiens are observed‘which appear to be coincldent with



NON
'filameuts~ih H ¥ 2 They are sometlmes observed several days before the o
rfﬁ appearance of a fllament bocause the optlcal depth 1s greater at 3 mm
than in H‘f . The general structure is stable over several days and
‘ probably over: several 27 day rotatlon perlods of the Sun |
/ The radlo spectrum of the qulet Sun has a constant teuperature of
6000° k up to a wavelength of 3 mm and then increases slowly to 9000° k
at X 2 em and then sharply upward to 1O5° k at 30 cm. Slnce the
altltude of emlss1on from the atmosphere increases with 1ncreas1ng wave-
‘length, these radio wavelength measurements help to deflne the models of
| the solar ehromosphere. '
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The iﬁferstélqu ﬁedium; théﬁ‘éoﬁéists éf:vagﬁ’CIOstAof;gaé and dust‘ "'

i miﬁgléd-éﬁdhg théJStérs'oflpgr CalaXy,ﬂhés 1ong been a méjérlsﬁbjebf’of idté?esﬁ

to rédio:éstronomersia Pdftly”tﬁis‘iévbgtauéé.the‘réséluéién'andvsensifivify-

' bf'rédio feleséofegvhave not beenféufficieﬁtbto detect normal étéﬁs; IOPtical’bj
astrongmers from ;Hé aaYS“of.William Herschellhave béen.awaré‘of‘dérk nebQ1ae‘
which ée:e originally thought to’bé'hélesvin‘0ur Calaxy. We now kﬁoﬁ that
thesé reg%ons do not répresenf‘a iack of stars, Eut aré'actﬁélly 1arge ob-

§ i » . . ,
scufiﬁg clouds of dust which‘prevent us from seeing the‘backgrbund staré}

_Mény bf fhese‘regibns.ﬁéﬁe bééﬁ,cétalbged by Barnar& and Bok’a;d LynéskandQ
Heiles. Sﬁmetimes éssbciéted with:these dﬁstAclouds aré bright nebulae of
ionizeﬂ?hydfogen called HII regions.  These clqudé‘generéted.éonsiderable'
intéres£ because it is Bélieve& thét ﬁere»is Vhére-stérs‘ére being formed.

The great neﬂﬁlae ih Orion is the Bést‘example of‘this type of c1oud;;
It'édnsists-qf‘a;bright‘wispy:nebﬁlae in f;ont.of a &efjbaense dérk_¢1oud.
Astronomers have detected several infrared objectsvin the cénfef ofAthis'
cloud. These may represent young proto—stérs'og condensations during a
very early period in the-eﬁolution of a star. Many éimilér regions pfobably

- exist in our,Gélaxyvthbcénnot be:seén becauée ofjthe obscuring dust. This
duét severely limits optical as#ronomers when they try to look'into the‘disk
pr'plane of our Galaxy. | |

However, radio astronomers are little éffected by this dust and can stuay
the Galéétic plane qﬁiteveasily. ‘As‘an examblé of what:a radio astronomer sees

when hebpoints his telescope towardvour Galactic center, study the,formaldehyde

(HZCO) spectrum. Thié contains a femarkable number of féaturés. Eaéh of»fhesc

valleys or absorption lines represents a large cloud of gas moving away from us



'.‘(ﬁgéigiﬁe vei6¢itj) 6rvm5ﬁiﬁgltoﬁéfd,ué (négééi?é_&élbéityj;. éuch;a'éﬁeétrum‘
of a moiecule,seenvagainﬁt'a'bfight'radio séurcewhés‘its'énalog in opticél_b
absorptionllines-sééniiﬁbfhe-spéc;faiof bright stérs;which are prdduégd by .
,interv?ﬁing‘intersteliaf‘ﬁdieﬁulér c1§ua8; These 1ines~are~alsoAb1ué‘0? red .
,éhifted, the color Cﬁangelproducéd by fhe‘ﬁbtion of the'cloud which'déppléf
éhifts the'fundamentalvwaveiéngth of the liné. ~
Althbugﬁ radio'astronomy can:proﬁuce remarkable spectra and détermine

7Velocitie$.of individual clouds extremely accurately, its abili;y-£o prodube'
photographs of a portion ofvthe,sky is,limited.‘ Thié is due to poor resoluﬁion
(one mfﬁuté qf arﬁ ﬁith tﬁé,best‘téiescbpe) and the lacﬁ”ofvanything equiﬁalenf‘
to photographic filmAto retain the image. As.a result pictures Qr»méﬁs‘qf

é rédio.source have té be painstakingly buiitvup one dot at a time with évsingle’
téleédope (in'fhe future.intefferometers such as the.Very Large Array ﬁillv
provide a radiolgigggzg_with”an eight hoﬁf exgosggg;and'one second of arc -
- resolution). The distinct édvantages of the radib region of the spéctt@m be-
come cléar when we considervmolecular lines. |

Molecules, 1ike‘everythiﬁgbelsebin‘nature Havé cerfain resonances, and in

partiCular'these resonances are guantized or occur at specific freqﬁencies.
For a molecuie these originate from rotations of the molecule about various
axes, vibfations of the vérious atdmé agéinst each otﬁer and electronié
resohénges dﬁe to the orbité of the elecfrohslébout each nﬁcleus. Roughly

the frequenéies of rotétional tfansitions are in the.microwave or'rad16 
‘range of thé-spectrum,‘vibratiOnal transitions>in thé infra—fed and'eléctronic
'_ transitions in fhe'opticalf‘ At_this point we musf also ?ealize that the

‘resonant frequency of a molecule which is observed is really a transition from



S

jbne é£ergyvié§elit6 anbg%ér; In oﬁhef wqfds(the ﬁbleéﬁle is fotatiné avay
_ét a particular energy ievel and sud&enly siowé down”droppingvto.anétherf
‘energy:lévei and'émitting'a Bhétoﬁ‘whdsé'frequency_is reiéted to the energy |
ﬂifferenée; iTﬁiS isrgeﬁéiallyArepresénted by an energyllevel diégfam in
which the guantiéed energies‘of fhe mo1ecul¢ afévplottedbiﬁ re¢iprocal
wavelength (1/X in cm-l)«v,In this repfeséntétign'the observed frequency
’is véfybeasily:bbtained by thebdifférencé betwéén_ﬁhé Uppe? and lower
'levélsvof theA;ransifion. Hence the line which we ébsérve‘being pfoducéd
by:a mqleculejis'actually the difference bétwaen two energy levelé of fhe
‘molécufé.< Thé enéfgy level diagram fbr'each individual molecﬁ1e is quite
bdiffereﬁt.‘ The net result is a spécific’frequéﬁéy by which we cén idenﬁify
avpa;ticular molééuie and tﬁis is a very véluablé tool for the astronomer.:
| fhe shorter waveiengths aiways require more enérgy and another critical
factér'in nmaking a molecule resonate is the question of gggigégigg. The

higher‘the énergy level the more excitation is required: the number of

'Vwaye numbers-(cm“l) abové the ground state is épprqximately equal to thé
temperature required to excite the transitioﬁ; A temperature of 160°K
will excite all the levels up to 100'cm—1. ‘In the formaldehyde (HZCO)
 enérgy‘1evel diagfam‘it can be‘seen that 25°K is sufficientvto excite all
the.tfansitions that have been foundvin the radio range of the spectrum.
~Alternately transitions in the infra-red and optical range réquire-much
higher»temperatUres.o; excitation energies.,

But whefe does this discussion of QUéntum levelé-leave us in the real
universe. Two baéic pfinciples»emerge: (1) molecules have distinct
.éharacteristic frequencies by which they cén be identified and, (2) for

temperatures normally encountered in molecular clouds (3°K to 200°K)



. . . - . o -

!the~mein_excitatioh‘ot;the'molecule is in rotation ﬁhichvcorfesponds to'»
frequenc1es in the redlo range of the spectlum.' A thirdiand morevsubtle B

p01nt is that the overlap of llnes in the radlo range 1s‘very small compared
with the infra-red. and optlcal reélons. What,this means is that a molecule

like formaldehyde was 1dent1f1ed 1n1t1a11y by one radlo line w1th 99/ certalnty
:Presently'nine 1ines from'the formaldehyde molecule have been identified.
iy Although radio obserjationsthave been enormously iﬁportent in:unréheidﬁg
: thevmystertes of interstellar clouds, the very earliestldetectioﬁ of‘ﬁoleeulee
came.ftom the‘optical obéer#étions.of Dunham and -Adams at Mt. Wilson. Theix
] o : '

observétions with the 100 ineh telescope showed several lines in the‘spectre
of stare whieh appeared to be interSteilar;' The subseqﬁent identification‘of
these interstellar lines as CN, CH and CH by. McKellar, Swings and Rosenfe)d and
Dougles and Herzbetg wes the first evidence of the chemical nature of 1hterete11ar
clouds. Recently Carruthers has.identified molecular hydrogen (Hz) in the

ultraviolet spectra of one star using a special UV camera he designed (see

Mercury for March 1972). In 1936 Merrill foundvseﬁeral optical diffuse bands.

This discovery has resulted in a considerable amount of controversy over the

years as to the origin of these diffuse lines. The most recent proposal is

a suggestion by Johnson that these may be due to a porphyrine molecule.

However, the existence of unidentified lines is not peculiar to optical

wavelengths, as will become evident in our discussion of the radio observations.
Except for the detection of the very important 21 cm line of atomlc hydrogen

and the recombination lines of ionized hydrogen,

not very much happened during the next 25 years to illuminate the. chemical

composition of interstellar clouds.. During the late 50's some unsuccessful

attempts were made to find hydroxyl (OH) using a frequency calculated for this



- molecule. The developmenL bf the autocorrelat:on recelver and a measurement
'of the frequency led to a successful detectlon in 1963 by Uelnreb Barrett,
Meeks and’Henry.. Although 1n1tlally found in absorptlon agalnst the st1ong

radio §ource'Cassi0pe1a A, the most_spectacular dlscovery.dldn t come untll
! o . _ -

two years later when groups at Berkeley and Harvard simultaheously found -

Jd

very'Stropg emiésioﬁlliﬁes wﬁich defiéd éxéianation. Hafold.Wéavérvwas
inéiined ﬁo,ééli'the iines mysterium because of their‘very narrow Widthé
’and Pécdliarviﬁtéﬁéities.' It was.not’nntil sometime later that the idea
of-an'ihtérsteliar maserlﬁook‘hold; A méserAis a méans by‘which'a’large
number éf ﬁéleculés cén aét as an amplifief at~the§r resdnant»freqﬁency.
.In thi;'case fhe_hydtoxyl (OH) cloud becomes a giant_émﬁiifier produéing
very intense lines. It is intereéting at this point to felate that Charieé
bToﬁﬁéé won his ﬁébel priée'for‘his.discovery ofvthe.laboratory masgr.' He
also playéd a very important part in the subséQuent»dé§elo§ment of mblecular
1iné radid astfonom&.
.‘;.VThé‘stage was now set for:the maih“aséault on molecular clouds which began
VAR ' : : ' v
' in‘l968. The opinion of most astronomers at this time held that because
of the low densities which existed in the‘iﬁtérstellar medium it would be
very difficult to get more thaﬁitwo.atoms tpgether at one time. Thus only
diatdmic'moleCulés were to be expected and even these would be shoft lived.
due to tﬁe harsh environmenf created by‘high energy cosﬁic-rajs and ultra
o v1olet 11ght. Because of thisvprevéiling>opinion no one aﬁtemptea to search
for more compllcated molecules. Vhat was overlooked was the important role of
dust grains in producing and protecting the molecules from destruction. -

Then in 1968 two groups began to make plans for molecular expeditions which

required not only the use of good short wavelength radio telescopes, but also



Spe¢£%alliiﬁe reccive;é wi;h Vefy stable local oétillatbfs édbthét any‘linés’
detecéed‘would‘not.be blﬁrred By chahges'in,this feféréﬁcevOSCillatdr;v Aﬁ
Berkeley:;fTownesa ﬁe1ch, Cﬁeung,vRank and‘Thdrnton began‘td éséemblé equipf‘
ment and a'néwuZO ft; miilimeter wave‘aﬁtenﬁé’tq look for amﬁonié (ﬁHs) at

a ffequency ofv23.8 GHz§ while at the;NationalvRadio Astronomy Observatory:
Snyderlgnd Bﬁﬁl Qe?e méking §imilar préparatioﬁs to find wéter‘(HZO) ét a
frequené& of 22.2 GHz.‘vThe ammoﬁié molecule is muéh.eaéier to.é%cite while
the‘watér molecule is more obvious ffom the-chemical standpoint given the

' presencé of H'and OH.'.The‘Befkeleybgroup was able to get theiy eqﬁipment

into tge»field fi?st and as a result in iate:1968 they detected both moleéuléé
 since éhé frequencies are quite close.? This was a rather exciting cémpetifion
with most asﬁronomers be£ting that both groups wbuld lose. The ammonia was
detected in sevéra1vlines,vwhile the water‘wﬁiéh bhly has one line Sh;;ed a :
rathér surpfising masef‘gmission even more intense:than the OH.

One of the iﬁteresting properties of é ﬁaser is #hat it can transfer
enérgf, i.e., the kineticvénefgy or heat in a hydrdgen cloud caﬁ be transferred
to-radiant'eﬁergy at infra red or radiOxWaveleﬁgthé. ’This is very important |
when a hydrogén cloﬁd is collépsing to form a néw étar. The énergy in the
éloud can be used to excite a wéfer masef which will radiate awvay the energy;
thus cooling the gloﬁd and allowing it to cdntinue collapsing. This is pre-
cisely what ﬁhe observations of water clouds seeﬁ»to suggest. Their sizes
are extremely‘small, Very Long Baseline‘me43urements give a few'Aéﬁronomical
Units ér solar system dimensioné for the water emission. The amouﬁt of energy

is quite enormous, within a few orders of magnitude of the energy radiated by



léur.oéﬁ;sﬁn at‘ali>Waveleﬁéihé. The.ﬁéééf fﬁﬁﬁelé alilfhié e£ergy generated
By the]ééilapéé into oné‘narrow‘rédid line. Aillof this 1eadé‘tdvthe éoﬁ- >,
rélusion that the»masefs are‘ciouds ofihydrogéﬁ'énd mo1equ1esvgﬁliapsihgvan&
rgivihg‘birtﬁ'to staré( | : | | | |

:Spu;red bnvby the imﬁortance of these reéults»the NRAd gfoup iﬁ collaﬁbfétion ».;
v:with twdlothérfaStroﬁomefs (who had doﬁe‘graduate'WOrk én'OH at Hérvard undef ;
‘Edward‘iilley) began a.Séarch fér formaidehydé (HZCO).’ The'four‘of uéiiéShyder,
Buhl, Zuckerman and Palmer'défécted a very stiong.aBsorption 1ine in pfacticaiiy

~every radio source we looked at. The excitement over the fact that not only

» P : o _ .
had this complex molecule been found but that it appeared to be a very common

vpart of our galaxy isvndw hard‘to imagine.' Today we écceptvas routine another
':large interstéllar,ﬁbleculé beiﬁg found;‘but ﬁhféé yéars ag6 the férmaldeﬁyde )
reSult'was really incredible. 'Particularly when you consider that the vater
and ammonia lines were fouﬁd in only a very;smali ﬁumber of radio soﬁrces.
Folléwing quiékiy were twovmorevastoﬁnding resulté-ﬁhich are still the
caﬁSe of much débate. Fifst formaldehydé'was looked for in a number of nearby
dustvclouds whgre hydroxyl (OH} had beenbfbuﬁd.iﬁjﬁeak émission lines by Heiles. The
gtartling result of the formaldehyde search ﬁas thét we found an.abSOrption
line! These dust clouds are not radio sources and so.&e had ﬁotvéxpected this;’
there‘being no radiation to be absorbed. The only explanatioﬁ left open was
that thesg clouds of foimaldehYde wéfe absorbing the faint 3°K background :
radiation‘which is supposed to Ee fhe remnant of the primeavalffirebail‘left
over from the Big Bang ingin of the universe. This rgdiation permeates éll-
Spéce and produéesbfhé»faint bépkgfound:against whicﬁ tﬁesé clouds:afe.observed;
This mgéns that:the'formaldéhyde molecules are cooled below_3°K, a cpmplex.

process Still‘being debated by Townes and Cheung vs. Thaddeus . and Solomon. 



e

ETee'seeeeé'reeﬁlﬁiwés‘an ébnereeliy higﬂ ébendehee”efitﬂe eafben;l3'iso;epe 
of formaldehyde at about ten fiﬁes‘aecepfed.eolar,eyste@ vaipeé;: This meaﬁt‘
either,extremelf'high_amounts of 013 er very_éenee clouds in which ehe‘nermel
?line is completelyesatuiated. Subsequeﬁtly; several otheé méletuies have shown
thie same tendeﬁey.b Altheﬁgh the iﬁterpreﬁetion is still open to'considereﬁle‘
- controversy the result istery important ae.it;will indicateetheiexﬁeﬁt.to
which nuclear bﬁrning in massi&e,Stars»has altered the element the abundaﬁces
- in variocus parts of euf galaxy. Meleeules made ouf ofvlocal material would
ﬁe expeeted to refiect.any change‘in'these abundences.v Resoiving,this probleﬁv
requires high reeolution observations with spectral line.iﬁterferometers te
determine the size and density of molecular cieuds. fhese’questions will be
answered By the,Very Large Arra§ 1eaviﬁg only'a small residual df douBt._ Thus:
vended:the year 1969 with the»detection of only one molecule, the incemparabie
fprmeldehyde‘ |

AThe nexﬁ importent step requiied ;he deveiopment of receiverskwhieh would
opefate in fhe ﬁery short 2-4 millimefer wavelehgth range. Molecular line
receivers were difficult enough to buil&'et 23'§Hz.for the weter end’ammonia
lines. “The'desigﬁ of a receiver to‘operate‘at frequenCiee over 100 GHz was
the‘result of considerabie research atheli Telephone Laboratories and a co-
operative development project with NRAO. -Schottky barrier mixers were made
" by Burrus of BTL using very small ‘area diodes in a Shafblesc mixer. Penzias,
Wilson and Jefferts of BTL along w1th Weinreb of hRAO worked out the receiver

design. This receiver was used on the NRAO 36 ft. telescope and resdlted
'ih.the impoftant’aetection of carbon monoxide (CO)‘and cyanogen (CN) in

~ April 1970. The'contributiens of these five people to the cause of molecular



astfooomyvehoﬁld not be:uﬁdere3£lﬁated. :Uelng‘the receiver theyideveloped,
‘the mﬁ—waye region of thevspeotrum has'yielded'abootjhalf of tﬁe moleouleS»elv
.‘which have.been found'id:interstellar cloude. | |

'The eeibon monoxide (co) moleculevis‘an extremely'tightly bound molecule,
~and pfovés to pefvade much'ofbour Gelaxyf The clalm by BTL that this line w1ll
replace the 21 cm hydrogen line for studies of Galactlc structLre should be ‘ i.d :
taken very serlouslyf Apparently the carbon oxygen (CEO)bond’is dominant.in

nature with‘formaldehyde (H co) and'methyl alcohol (CH OH) being importanf examples.

3

The detection of the hydrogen cyanide (HCN) molecule in June of 1970
by Snydel and Buhl brouebt in another strongly bonded molecu]e which appeared
to be w1dely distributed in our Galaxy. At about the same time Turner found
a centimeter wave line due to cyano—acetylene.(HC3N). ‘Somewhat later that
year Thaddeus, Wileon, Kutner, Penzias and Jefferts, (a gfoup whioh'hae.evolved
into a raehef distinguished.crowd) came up Qithdthree new 1ines of formaldehyde
(H CO) at 150 GHz demonstfating‘the presenee of this ﬁolecule ln the Orion
nebulae, a cloud that was strangely missing in our orlglnal formaldehyde
studies. These three molecules (H2CO, HCN and HCBN) are very important in the
organic synthesis of amino acids. Recently Cyril Ponnamperuma's group has
'detefmined that there are exera—terrestial amido acids in the Murchisoo meteorite.
Why this excitement over.organic molecules? Well‘these parficulat-molecules
pley a very significant role in studies of the origin of life. “Hence the §ery
great interest in these ancestors of life in the universe.

An experiment of major importance to our present narrative occurred in 1953,

when Miller and Urey showed:that amino acids of various types were produced



'Swhen an electrlcal spark was dlscharged 1n a nlxture of water (H O), ammonla
(NH ) and methane (CH ). The molecules whlch seem to be most important in
these chenlcal reactions are HCV H2CO and HCBN ”he 31gn1f1cance of this

31m11ar1ty between 1aboratory organlc molecules and the compos1t10n of 1ncer—

’ stellar_molecular clouds»ls that weﬁmay ‘be well on the way to dlscovering a

universal chemistry. If life in turn is based on fundamental laws of-chemistry;

:then'life irself is also universal.‘-Therefore;‘astronomical observations of
‘tﬁe evolution of molecular clouds may shed some light on the early cheﬁical'
eVOlotion of life, particolarly since these clouds appeer.to be the regions

~of ourfGalaxy where stars are‘beingrborn. .

“Most of the large molecules have been detected solely in the center of our
Galaxy, such as formamide (NH CHO) discovered by Rubin, Flygare and Swenson.
There is a general»feellng that this is not the only place where the heavy
molecuies are being made, but it is the.only placevwhere there is a sufficient
quantity;to be derected{ Jefferts of BTL has developed a coole& mixer receiver
for the carbon monoxide (CO) line and a research prograﬁ on applying this idea
~at 3 millimeters wavelength is being pursued by Weinreb and Kerr of‘NRAO.
.This new technique promises to increase_sensitivity by over a factor of

ten at these wevelengths. A number of heavy molecules have frequencies in
this region of the spectrum and so_&e expect a large increase in the

molecular list in the next few years‘due to‘this new receiver. In addition,
high resolution | _interferometers such as the Very Large Array and a milli-
meter wave interferometer being developed by Jack Welch at Berkeley will allo&

us to make detailed pictures of the molecular clouds. *
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:'Unidentlflea'lineéletesbecoﬁing more conmoniin‘the‘fadioftreqnency
spectrUm.l The flrst one was called k-ogen and was found by Buhl and Snyder
while pursuing hydrogen cyanlde ey . _P0331ble_molecules or radlcalst
which.f@y be responsible for this 1ine are HCC+ or CCH.t Another line:nhich‘
we aléo‘found is tentatively identified as HNC, a_hitherto unknown isomer
'of ACN. AThere‘are alsovsevenal other‘unldentified lines which have been
‘found by'other grOups but remain unpubllshed |

| The orlglnal detectlon of methyl alcohol (CH OH) by Ball, Gottlleb
Lllley and Radford made use of a low frequency line at 835 MHz. Subsequently
.Barret%_and Schwartz_found several llnes of this molecule at 25 GHz and
vfecently Turner, Zucketmen_and Palmer have found additional'llnes at 90 GHz.
Elaborate.models of theeeXcitetlon of alcohol are heing built and the pursuit
of'interetellat elcohol in its varions forms isvcontinuing relentlessly.

AlthoUgh the astronomical endeavors I have tried to chronicle have been

a b1t dlsorderly, they have greatly 1mproved our understandlng of our own

Galaxy over thevﬁast three years. Perhaps some of: these observatlons will

"even suOgest»answers to the»e1u81ve question of the origin of life. It is

1ntr1gu1ng that thls magnlflcent mixture of molecules is present prec1sely

in those parts of our Calaxy where stars and planets are being f01med These

molecules help. to cool the collaps1ng hydrogen cloud durlng the early con—A
traction of the star. They also provide the gases ‘for_the primitive
atmOSpheres of the blanets as well as the organic ices to make up thevcomets
_which circle the.star. The life that arises spontaneously on the planet may
‘have its origin in the»organic debris fromvthe interstellar cloud or»in‘the

‘volcanic gases erupting from deep within the planet or maybe even from the

B
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 ~100111sisn sf a 1atge conet.rssuitlng in ausuddeﬁ concentratlon sﬁ.the planet

‘of pr1mord1a1 organlc materlai A number of blochemlsts hsve studled thlsb_:
broblem vrartlng with Oparln‘and Haldane‘and nsw 1nclud1ng Mlller; Ponnaﬁpéruma,Qv
Oro, Orgel Sagan snaiothers. Through thlS cosb1nat1on of astronomy and | |
{blochemtstry ve. may SOmeday be able to understand the intrlcate relatlon

between the evolutlon of an 1nterste11ar cloud 1nto stars and planets and

_the .evolution of llfe on those planets.




s

. For further reading:

1. Dark Nebulae edlted by Beverly T. Lynds which is a collectlon ofc
papers given at ‘a conference honoring the ret1rement(7) of
- Prof. Bart.J. Bok of the University of Allzona;and Stewart -

; Obseryatory; University of Arizona Press, 1971.

2. rrontlers of Astronomy and The Black Cloud by Fred Hoyle, Harper -
I and Row, 1955 and 1958. - : o ,

-3, %pece Chemlstry by Paul W. Merrill University of Michioan'Prees;vl963.

4. .Rev1ew artlcleS" Snyder and Buhl in Sky and Telescope,IAO, 267
-/ and 345, 1970 Buhl and Snyder in hature, 232 161, 1971; Buhl in -
' Nature, 234 332, 1971 Buhl and Ponmamperuma in Space Life Sciences,
3, 157, 1971; Rank, Townes and Welch in Sc1ence, 174, 1083, 1971;

Heiles in AnnuellRevieWS’of Astronomy and Astrophysics (Leo Goldberg

editor), 9 293, 1971; Snyder in PhyulC?l Chemlery. Vol. 3
Spectroscopy (Ramsay editor), Butterworth Press, London, 1972.
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,VFOrneldehyde (H'CO)‘SpeCtrumf””
‘vThe center of our Galayy as revealed by the formaldehyde (H CO) molecule.
'i~The absorptlon llnes or vallezs at negatlve velocities reveal a nunber
:of-lntervenlng-splral arms between us'and'the Galactlc center. The
11ne at zero veloc1ty -ds our own local gas whlle the W1de deep feature
at lAO is at the Galectlc center.» Most moleculesvshow this +40‘feafure
but only.two‘(OH_and HéCO)‘exhibitpthe other’diuerse linee; S
H2C0 Energy Level Dlagram.
The three absorptlon 11nes of formaldehyde (H‘CO) which have been found
are.lndlcated by the heayy black bars while the four em1381on 1ines are °
-~ shown bp the dotted lines.‘ The energy level of the molecule (1n em ) can
be taken as the temperature requ1red to get the molecule rotating at
that level, Llnes'are alvays,produced by a transition from one energy
level to another.‘.Each.leVel is marked with its appropriete quantum

numbers.

’Molecule Table:
Molecule population of.interstellar clouds.v'The line intensity is the
- maximum entenna temperature whichvhas been observed. Thebnumber.of lines
‘_gives the 1e11vb' ity . of ‘the 1dent111cat10n, but more important 1na1cates

the usefulness of the molecule for astrophysical measurements. The list

is in order of increasing number of atoms.
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