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A S11111111:1q' of hIilill R~s l l l t s  Pi.os(~~lt~(vl ill tlic Tllcsis 

The first part of the thesis deals with  tlie tle\.eloplnent of a toide-band ~i techar~ical ly  

tuned  local oscillator. us i i t g  the  G u i ~ i l  diode for use wit 11 the 10.4m n~illi~neter-wave 

radio telescope at the Raman Research Institute. This provides sufficient power to 

eficiently operate two cryogeriic Schottky nlixers (dual polarisation) and tunes over 

the frequency range 75-1 1.5 GHz covering most of the 3 - m ~ n  atmospheric transmis- 

sion window (W-band). Rotational transitions of many astrophysically importarit 

~iioleculc~ i~iclutli~ig CO fall i l l  t liis range. 

A study of the cometary globules in the (;urn Nubula forrns the second part. 

Among the smaller interstellar molecular clouds the Cometary Globules (CGs) stand 

out due to their peculiar morphology. They are characterised by compact, dusty 

heads with long faintly lurninous tails este~itfirig or] one side aricl  arrow bright rims 

on the other side. There exists a significant ~>opulation of such CGs in tlie Gum 

Nebula. The Guln Nebula is a large structure - 12.5 parsec in radius delineated 

by Ha emitting fila~iients. The true nature of the Gum Nebula is ill understood; 

according to  various corijectures i t  coultl he an old superllova remnant, or a bubble 

in tiit: int,crstcllar nicrlirl~ir cxcavatctl 1)y strong stellar wil~cls fro111 Ilol stars, or all 

evolvctl 1111 rc:gio~i. 'l'11(1 C'Ck i l l  tlit. C;ul~i  Nebula arc distributed over a region 

80 parsec in radius with their tails pointing away from an apparerlt coinmon 

center. In the visil)le region thcsr globrlles have I~rigl~t  rilils 011 the side facing tlie 

corrirriorl cc~~itral rc.gio11. Sor~rc. of t l l c -  Irc~atis Iiii\.c- c ~ ~ l ~ l ~ c ~ c l t l c t l  young stars. 111 the 

region bountletl by the C'Gs there are a few ~nassive hot stars illcludi~lg ( Puppis 

believed to he tlie most l u ~ n i n o ~ ~ s  star i11 tlic soutliern sky. It has heen suspected 

that the rr~or~~hological appearance of the C'Gs Inay be due to tlie influence of these 

stars. 

Althougli these globules Ilave bee11 klio\\-~i for r~iorc than a tlecatle now there has 

l>ce~i 110  satisfactory attc~llpt t o  str~tly t l l c i r  origill alitl k i ~ ~ c . ~ ~ ~ a t i c s .  A tlctailcd study 

was therefore undertaken using the 10.4 m milli~neter-wave radio telescope at tlle 

Itaman Research Institute. The study consisted of 12C'0 ol~servations of the heads 

ar~cl the tails of the CGs usirig tlrr J = 1 -+ 0 rnilli~iictcr-\+lave rotatiollal trallsitioli 

of t,Iie carbor~ nionoxitlt. ~liolecr~lc. 111 atltlitioli. the Glohule No.22 was mapped in 

both 12C0 ant1 ' T O .  



An alialysis of tlic radial vclocitics ol)tairic~d frorii tlic slirvcy a11d t l ~ e  rriaps liavc 

led to tile followiiig findiiigs: 

1. The syste~li of CGs is esparidirlg iv i t l i  resl>ect. t.o a common morphological 

center at - 12 krns-I. The expansion age is - 6 hlyr. 

2. Sonie of the tails observetl shoiv systematic velocit,y gradients. If the tails were 

formed due to the elorigatiori resultirig from these velocity gradients then the 

csti~liatcd strctcliing age is - 3 Alyr. 

3. The rnass of CG 22 is - 2T,\IZ,. Interestirigly, if tlie cloud was i11 virial equi- 

liI>riurii tlien its riiass  nus st hc - 250,\16. 

There have been previous co~ijectures that the young stars embedded in the heads 

of some of the globules may have been formed as a result of external triggering. 111 

order to clarify this question an analysis of the locatioris of the embedded young 

stellar objects (J'SOs) in tlie dark cloutls in the Gu~n-Vela region was undertaken. 

Since these embedded J'SOs are obscured in tlie visible regio~i by dust in the molec- 

ular clouds, the far-infrared point sources fro111 tlie Infra-Red Astronomical Satellite 

catalogue were used to identify them. This study has clearly shown that the YSOs 

have a stastically significant teiitlency to fall 011 the sides of dark clouds facing the 

~rior~)liological ccvit c.r rat 1ic.r t l~ari t l ic .  far sitl(.s. 

From the above analysis we coIne to the follo\ving conclusions: 

I .  'I'lie rorigli agrec~iicrit l>c.t\vc.cn I lie rrpn~>sioiz ngr arltl t lie tail-sti.etching age 

suggests a coniIiion origiii for the expansiori and the forniation of tlie tails. 

Tlie prcseiice of yonrig stars of comj)aral>le ages in the lieads of solne of the 

globults suggests that tlie I)rocc.sscs resl>o~isiblc for tlic expansion riiay have 

also triggered star forriiatiori in them. 

2. The racliation pressure frorn the hot stars in tlie cc~itral region or the stellar 

wilitls fro111 t lic~li carir~ot accotilit for t l ic .  ~iio~~ieriturii of tlie cxl)ari<lilig glob- 

ules. It is more likely that the rockcf ~ f i c f  arking out of the heating and 

the colisequent anisotropic ablatiori of tlie glol>ules can supply the Iiecessary 

1110111c!11t~1111. 

All tile above conclrisioris call hc rccoricilml easily if one coulcl argue tliat tliey are 

causally cor~l~c~ctc~l  alicl Iia\.(- a ro~ririio~i origiri. 'I'll(' r i i a i i ~  ill)l)ilrc~iit ol>stac1(~ to sucli 

a unified picture for the systc~~ii of ('(is i l l  tlie Gun1 Nel~ula is tliat altliougli tliere 

appears to I>e a nior~~liological ceriter there arc 110 itleritifiable objects, say, massive 



stars, PI-esenf ly  located at or near tlie morphological center. IIowever, the observed 

large proper riiotion of tlie rtiassive star ( I'ul)l)is lioltls ari itiiportant clue, leading to 

tlie following scenario: It is an extraordi~~ary fact tliat ( P u ~ ~ p i s  lias a large proper 

motion N 75 kms-', ancl its trajectory \vlie~i extrapolated backwards passes close to 

the morphological center of the system of CGs. I t  lias bee11 known for a long time 

that large space velocities of massive stars call only be understood in terms of the 

disruption of a massive binary system \\-lien one of tlie stars explodes as a supernova. 

If the supernova explosion is spherically s~ .m~netr ic  tlicri the binary will disrupt due 

to a sudden Inass loss only i f  the liiass ejected exceeds half tlie total mass of the 

binary system. Since the estimated mass of i Puppis is .v 40AI0, i t  follows that 

its former cornparlion 111ust have been even more ~riassive than this. If one accepts 

this picture tlien it follo~vs that till roughly half a million years ago there must 

have been a nlassive binary system (( Puppis and its companion) near the center 

of the systerll of CGs. The combined effect of the ultra-violet radiation and the 

stellar wind froni this binary as \yell as fro111 other stars in tlie neighbourhood, must 

have resulted in much of the ~nolecular material in the vicinity being blown away 

except the numerous regions of enlianced density (cot~densnfions) in tlie original 

~iiolecular cloud. Conti~iried effect of the ratliatio~i a ~ i d  stellar wiricls resulted in these 

coridensatioris being set in riiot ion, as \\ell as developi~~g co~lietary tails. Itoughly 

half a million years ago the corn11anion ( Puppis exl,loded as a supernova propelling 

tile lattcr towartls its ~)rcsc~~it  locatio~i. 



Chapter 1 

Introductioll 



1.1 Millimeter-wave Astronomy 

Milli~ileter radio astronorny as an important branch of astronomy was born with 

the discovery in 1971 of carbon monoxide in the interstellar rnedium at  115 GHz 
by Wilson et n1.(1971) .  111 tlic two dcca(1c.s silicc this discovery, over 60 riiolecules 

have been detected in the ISAI. Sorne of the organic molecules identified are quite 

complex containing as many as 13 atoms. Line radiation from molecules in the ISM 

I~as  givc*~i 11s a ~vc~altli of ricw irifor~liatior~. hlol(~cl11ar l i r l o  strldic~s arc al)o~r!, tlic: 

only way to probe tlie cold, dense regions \\.liere new stars are believed to he born. 

These studies have led to the discovery of tlie Giant hlolecular Clouds, the rnost 

riiassive structtircs in t he galas.. tlie uiicsl)cctcd 011 tflow j~liasc of young stars, the 

circumstellar arid interstellar Iiiasers, and a variety of cheniical species. 

Molecular clouds are mairily made up of II2. Being a homomorphic molecule 

112 has coincide~it charge and rnass centers. Consequently it has no permanent 

dipole rlioment and so tlocs not radiate i l l  its loiver rotational transitions. Molecular 

hydrogen has been studied, however, through its vi brational-rotational quadrupole 

transitions. These lines fall in the IR region requiring Iiigher energies to  be ex- 

cited restricting tlie direct study of 112 to shock escited regions with temperatures 

-1000Ii. M2 has also been observetl through its U\'  alxiorl>tion lines but obviously 

only along selected lines of sight. I n  essence, direct ol~servation of 112 i l l  tlic cold 

irlterstellar ~rietliurn is not possi1,le. Fortunately tlie next riiost abundant ~nolecule 

CO has a permanent diplole moment leading to conve~iiently observable radio lines. 

The lowest rotational transition ( . I= 1 -, 0) of CO at 115.271 GIIz corresponds to an 

h v / k  = 5.51<. This transition is easily excited by collisions witli molecular hydrogen 

even in clouds witli very low kinetic tenil>erature. The minimum density required 

is - 100 ~ r n - ~ .  Therefore CO is widely used as a tracer of 112  in cold interstellar 

clouds. The less abundant species. 13C'0, is usetl to overcollie difficulties j~oscd by 

the high optical de j~th  of 12C0 i n  prol~ing deeper into nlolecular clouds. Molecules 

with different dipole moments and formation chelnistry are used to study regions of 

different physical conditions ant1 activities. 

Advances in milliliieter-wave radio ast rono~ny were linii t cd by develop~iierits in 

antenna arid receiver technology. During tlie eighties, Inany large telescopes some 

with surface accuracy high enough to go upto 1000 CiIIz ]lave 11ccli I>uilt arid receiver 

technology has ~liatured sufficientlj- to perriiit routine observations. 



1.2 Molecular Clouds 

Over the past decade several 12C0 and 13C0 surveys have been undertaken on the 

galactic scale which have led to the realisation tliat [nost of the molecular gas is 

concentrated in Giant hlolecular Cloud cornl>lexes. GhICs are a t  the high eritl of 

the molecular cloud aggregates. In order of magnitude their Inasses are -106M, 

and sizes are -100pc. They are the birth sites of high Illass stars but they also form 

low rriass stars. The clark cloud coriiplcxcs likc 'I'aurr~s and Opliiucus arc sl~ialler 

with rnasses in the range 1O3-"lr3 atit1 mainly form low rriass stars. Towards the 

lower end of the molecular cloud distribution we have the dust globules, which are 

further discussed below. 

It was first suggested by Bok and Reilly(1947) that dark dust globules are prob- 

able sites of star for~nation. For a long t i ~ n e  no direct evidence was forthcoming 

to support this claim. The first evidence was provided by Schwartz(l977) when he 

discoverecl star for~nation in a globule in the Gum Nebula (GDC 1). This globule 

has turned out to be very interesting: It has an embedded young star, the Herbig- 

Haro object IIH46-47; ancl is a strong case for star formation caused by external 

~ ~ i c ~ l ~ a r i i s ~ ~ i s  (Scli\vartz 1!)77). (;lol)ulc~s havc I ~ c c ~ i  grot~l)cd into four classes based 

on their optical rliorpliology (Leung 1985). They are: ( a )  the elephant trunk glob- 

ulcs, ( b )  glol)r~lar filallicnts, (c )  isolatc(1 tiark glol)~llcs, and ( ( I )  colnctary glol)l~lcs. 

E l o l ) l ~ a ~ ~ t  trurik g lo l )~~l(~s  arc. lor~g tor~gucs of ol)scuring gas arid dust sccri in projcc- 

tion against bright HI1 regions. Their sizes are - 0.01 - 0.5 pc, and their masses 

are in the range - 5-10 hI13 arid densities - 103-4 C T I I - ~ .  Tlie best exa~nples of 

elcptlant trrlriks arc found i r i  t tic Itoset t e  Ncl>ula. Glol>ular filal~ierits are dark neb- 

ulae with elongatecl filamentary structure. Isolatcd dark glol~ulcs are also known as 

Bok globules. They have sharp boundaries arid arc not near 1111 regions or bright 

nebulosities. \!ell studiecl expriil)les arc 1368 ancl 13335. C:ometary globules (CGs) 

have a cor~ietary morphology: a dusty head with a luminous tail on one side and 

bright rims on the other side. They are discussed in more detail in the rest of this 

chapter. 

1.3 Cometary Globules 

Bright rimmed globi~les, niariy of which have conictary structure, have been subject 

of study since tlic thirties. I'ottascli(l96.j) st11dic.d a 11111iiI)er of 1)riglit r i~ns  and 

concludetl tliat tliey arc ioriisctl hj.clrogcn rc~gions causcd by ~icarljy O-type stars. 

Interest in cometary globules was revi\.ed with the discovery of IIII46-47 and a sizable 



populatiori of CGs in tlie Gurn-\?la rcgio~i. The C'Gs i r ~  the (:urn-Vela region were 

first noted by IIawartlcri arid 13rant1(19'iG) alicl San<l(~vist(l!~iG). Later, Zealey et a/.  

(1983, hereafter referred to as 253) and Reipurth(1983) i~ideperidently found, a total 

of 38 CGs in a surveys of the SERC IIIa-J and ESO B plates of which 32 were in 

the Gum-Vela region. Figure 1.1 shows a photograph of CG 15, a typical CG. The  

Gurll globules have the following characteristics (see figure 1.1): 

A co~nl>act dusty head 

A long faintly luminous tail extending from one side of tlie head; the other 

side has a sharp edge with narrow bright rims. 

The  tails of these CGs point away frorn a general center. 

Sometimes the heads have embedded young stars in them. 

I t  is now well established that many bright rin~lned globules found in association 

with HI1 regions are sites of on-going low mass star formation (Dibai 1963, Sugitani 

e t  al. 1989, Sugitani, Fukui and Ogura 1991. Cernicharo e f  al. 1992, Duvert et al. 

1992). The  earliest example of such star for~nation is the discovery of HH 46-47 in 

the cloud GDC 1 (ESO 210-GA) in the Gum Nehula ~rlentioned earlier. GDC 1 has 

characteristics similar to tlie cometar.  globules. I t  is now known tha t  CGs are riot 

restricted t o  the Gum Nebula. The origi~ial list contains CGs in Orion and recently 

CGs have also been found in the Rosette Nebula (Block,1990). Carbon rnorioxide 

maps of nlolcc~~lar  clorl~ls i r l  Oriori sllow cor~ictar j~ dt'lcct 11rc. wit11 tails j)oirltillg away 

fro111 tlie Ori OB1 Associatioli (Ball?. c t  al.  1'391). It is believed tha t  the colrletary 

globules are formed by the effect of U\' radiatio~i from young stars, stellar winds, 

and supernova sliocks on nearby ~ilolecular clouds. 

?'lie g1ol)rrlcs i l l  tlic (;urn Ncl~ula arc i l l  a coliil)licated setting (see figure 1.2). 

This nebula is a large shell like structure (radius- 1s") seen in Ha (Gum, 1952;1955). 

The  esti~natetl  distance of - 400 pc irnj>lics a radius of 12rj pc (Brandt e t  nl. 1971). In 

the ge~icral tlirectiori of the ce~i tre  of the ~iebula are the \e la  SNIt (age - 10'' yrs), the 

Pup  A SNR (age - 3700 yrs), ( P u p  (0- i f ) .  the most luminous star in the southern 

sky, the Wolf-Rayet binary y2 Cel (\\.CS+09), and a possible B Association. These 

objects together represent a significarlt source of ionisi~ig radiation and stellar wind. 

Various models have been proposed for the Guln Nebula in which some of these 

objects play an iriiportalit rolc (scc, for csa~iil)lc, 13rrlIlwcilc~r, 19S:3). Wlictlic~r the 

( : I I I I ~  N ( ' l ) ~ ~ l i \  is ( ' ~ i ) i t ~ ~ ( l i ~ i g  CIS riot Iias I ) (VII  ti poi111 of (.o111 rov(~rsy i l l  t ,Ii(% ~ ) a s t ,  I)ut 

latest studies indicate ex~)arisiori at 10 krils-' (Srinivasan et al.. 1987). In the 

central region of the Gurti Nebula the C ' C k  are distributed non-unifort-nly over a 



Figure 1.1: An optical image of CG 15, a typical cometary globule reproduced from 

the SERC survey plate (what is shown is a negative image). The obscuring head is 

seen as a white patch whereas the tail and the bright rim are black. 



Galac t i c  Longitude 

Figure 1.2: The Gum-Vela region. The solid lines mark the regions of H a  emission. 

The cometary globules are shown as filled circles, with tails scaled up 10 times for 

clarity. The locations of objects in this figure are approximate (adapted from Pet- 

tersson 1991). 



rough anrtt~1u.s tvliose center is close to the place fro111 wliicli the tails point away. 

This inor.phologica1 cerl/cr. is offset fro111 t he al>proxi~ilate cc~iter of the Gum Nebula 

by about 4". Tlie best fit circle to the distril)ution of CGs has a radius of z 9.5'. 

There is firrri evidence for star formatior1 i l l  sollie of the CGs as well as some of the 

other dark clouds in tlie Guni-Lkla region (Scl~wartz 1977; I3ok 1978; Reipurtli 1983; 

Pettersson, 1987,1991; Graharri 1986; Ciraha~il and Ileyer 1989) 

Soon after the discovery of IIH46-47, it was suggested that low mass star for- 

mation iri the C;r~r l i  Nc.l)r~la liiaj. Iiavc l ) c ~ . ~ i  triggc3rcd I)y cxt.crria1 cvcrits (Scliwartz 

1977), quite possibly tlie events resl)onsiI>le for the origin of the Gum Nebula itself 

(Brand e t  al.. 1983). Stellar winds, SN shocks. arid shocks associated with the 

expansion of I I I I  rcgio~is car1 coniprcss s~liall glol)tilcs into gravitational i~istability 

leading to star forlnation. Nurlierical studies of such processes give credence to this 

idea (Woodward 1976;1979). Reipurtli(l983) has argued in favor of UV radiation 

from young stars being the cause for the origin of CGs as well as star formation in 

them. There have also been studies of radiation driven implosion as a mechanism 

for star formation (Sandford,\\*hitaker and Iilein 1982, Bertoldi and R4cIXee 1990). 

Specifically, Bertoldi and hIcIiee have shown that clouds exposed to  UV radiation 

will acquire a corlietary structure. 

Previous Studies 

Tlie first systematic study of the cometra!. giob~~les in tlie GIIIII Nel)ula was done 

by Zealey e t .  a1.(198:3). They ~liade .f crii for~iialdehyde absorption observations of 

9 CGs with the Parkes 210 foot telescope. 01113' CGs big enough to  have a good 

chance of cletectiorl with the 4.4' beam were observed. Goss et  a1.(19SO) had observed 

some of tlie CGs in an independent survey. Radial velocities for a total of 10 CGs 

were thus obtai~ietl. ZS3 concluded from this data that the radial velocities were 

consistent with rotati011 of tlie system about an axis perpendicular to  the galactic 

plane. They suggested that the orientatioli of this axis implied that the kinematics 

of the CGs is dominated by galactic rotation. In addition they fou~ld that in an 1-v 

plot the CCis lined up on a straight line parallel to the HI data for tlie region, but 

offset in I .  They took this to mean that the oi~served velocities of the CG co~nplex 

are wholly due to large scale effects of tlle local spiral structure. Assurning that 

such a lirie represented galactic rotati011 effects the]. studied the deviations from 

the straight lirie fit to look for exl~a~ision or rotation. Their coticlusion was that 

the CCis may I)c 011 a slicll cxpandiiig wit11 vclocit ics ul)to 5 k111s-'. [We find this 

surprising sirite the residuals (i.e. the deviations from their straight line fit) were 



only f 2 k111s-'1. 111 addition, fronn a study of the tails see11 i l l  optical j)liotographs 

they ideritifiecl two cente  ra froni where niasini~rn~ n~rnil,er of tails pointed away. 

Present Study 

In this thesis we present a study of the system of conietary globules in the Gum Neb- 

ula usir~g r~~ailrly the 10.4111 ~~lillin~ctcr-n.a\.c radio tclcscol)c at the Ilanian I<cscarcli 

Institute, Bangalore.The thesis is orgariised in t liree parts: 

( 1 )  The first part deals with the development of a wide-band mechanically tuned 

local oscillator usir~g the Gunn diode for use with the 10.4111 n~illi~neter-wave radio 

telescope a t  the Ranla11 Research Institute. This is described in chapter 2. 

(2) The second part is devoted to a s t u d .  of the cometary globules in the Gum- 

Vela region. As mentioned earlier, there has been no satisfactory study of the 

system of CGs in the Gum Nebula. X detailed study of the system was therefore 

undertaken using the mm-wave rotational transitions ( J = 1  -t 0) of the molecules 

12C0 and 13C0. The observations consist of a 12C0 survey of the heads and the 

tails of the CGs, and mapping one of them viz., CG22 in I2CO and 13C0. The aim 

of the survey was to study the kinematics of the CGs and gas motions along the 

tails. The rriaili ol~jective was to makc a 111orc~ co~r~plcte s tr~dy of t11c kinemnlics of 

the system than was possible before. As ~nentioned above, in previous attempts the 

velocity information was available only for 10 out of the more than 30 CGs. Since 

our beam size was 1' we could detect even the smaller clouds that were not detected 

in the previous surveys. The mapping of one of the globules was done prinlarily for 

estimating its mass. Tlie telescope and observations are described in chapter 3. The 

analysis of the survey data is the subject of chapter 4 and cha~>ter 5 deals with the 

maps of CG 22. 

(3)  The third part of the thesis, presented in chapter 6 ,  deals with an analysis of 

the locatio~is of elll1)ctlcIcd young stellar objects (I'SOs) inside the clark clouds in tlie 

C u ~ n  Nc>l,ula region. 'I'l~e aim of this stutl!. \vas to look for evidence for exterrially 

triggered star formation in these clouds. \\'e have used the far-infrared point sources 

from the IRAS PSC (with suital~le flux criteria) to identify embedded YSOs. By 
sirrij)le statistical ~iietl~o<ls we show that tlic YSOs liave liiglicr telidency to fall on 

the side of the clouds facing the morphological center than the far side. 

In chapter 7 we discuss the results and j)resent an overall view of the systelrl of 

CGs in the Gunl Ncl)ula. 
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Chapter 2 

Wide- band Local Oscillator 



2.1 Millimeter- Wave Receivers 

Fortunately for astronomers, tlie ~iiillirnetcr wave part of the electronlaglietic spec- 

trum is not used for radio coniriiunication arid most transmitters have low power 

and narrow beams thus reducing drastically tlie problern of rnan made interference. 

But tlie niillirneter wave astrorioriiers Ilave to co~itend with the problem of atnto- 

spheric absor.ption especially due to water vapour arid oxygen. As seen in figure 2.1, 

the atmospheric attenuation over the rnillimeter \\aye range sliows some windows of 

low atte~iuation wliicli tlie ground Ijased telescopes utilise. l'lie a ~ n o u ~ i t  of absorp- 

tion is strorigly dependent on the geogral)liical location, a ~ i d  season, tlirougii the 

atmospheric water vapour content. Over the past two decades, better and better 

receivers have been developed for operation over these low attenuation bands. 

The block diagram of a typical nlilli~lleter wave receiver is shown in figure 2.2. 

These are of super- heterodyne design. Tlie first element is a mixer, either of a cryo- 

genic Schottky or superco~iductor-insulator-superconductor junction design, because 

low-noise amplifiers at these frequencies Iiave not yet becorrie available. The IF sig- 

nal is amplified by a cooled low-noise GaAs or HERIT amplifier. Since the mixer is 

a lossy device, the IF anlplifier sliould Iiave very lo\\, noise temperature. The AM 
side band noise of the LO at the signal and image frequencies also contributes to 

the receiver noise. The IF signal is then fed to spectrometers after further amplifica- 

tion and do\v~i C O I I V ~ ~ S ~ O I I .  111 this cliapter we dcscril>e tlie <fevelop~rient of an ultra 

wide-band Gunn oscillator tunable over the 3-n11n atmospheric transmission window 

for use as local oscillator at the 10.-in1 millimeter wave radio telescope at the Ra- 

man Research Insti tn te, Dangalore. Hot at ional t ~.a~isi t io~is  of Inany astropl~ysically 

important riiolecules iriclr~dirig C'O fall i r i  this range. 

2.2 Local Oscillator Requirements 

The power output requirement of the LO depends on tlie type of mixer used. 

Cryogenically coolecl niixers using nletal-semicontlr~ctor junctions (Schottky barrier 

diodes) as the 11011-linear ele~ilerit typically require 0.25 1n1Y of CW power for efi- 

cient operation. The SIS niixers which are fast replacing the Schottky mixers require 

less than a microwatt. \Vith tlie develop~nent of quasi-optical diplexers (Erickson 

1977) wliicli couple the LO power to tlie miser wit11 all insertion loss <ldB,  an LO 
power output of 0.5 111\\~ is adequate. A n  output of 1 m1V will he s~~flicicnt to op- 

Ol'illt(' a (ltlil1 ~ ) O ~ i t l ' ~ S i ~ ~ i O l l  l'('('('i\.('f'. ~ A ) \ Y  , \ > I  ~ i ( i ( ' I ) i l l l ( !  llOiS(> i l l ,  ~ * I I ( '  ~igllill all(1 ill lag^ 

freyue~icies will be an at]\-a~itagc, tliougl~ tlie ciiplcsers car1 be desig~ietl to have nulls 
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Figure 2.1: Atmospheric attenuation over the millimeter-wave region of the elec- 

tromagnetic spectrum. The hatched regions are used by ground based telescopes 

(adapted from Penzias and Burrus 1973). 
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Figure 2.2: A block diagram of a typical millimeter-wave receiver. 
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at these freqr~cncics. Frcqrlc~ticj. stal~ility is a ~. i tal  co~isitlcrat.ion. In o t l~e r  words, it 

should he possible to easily pliase-lock the oscillator to a stable reference. Another 

important consideration is tllnabilit!.. Since tlicre are rnany rotatio~lal transitions 

of a vareity of molecules spread over the 3 Inrn window, a si~igle oscillator tunable 

over the W-hand will ai.oid changing local oscillators every time a new line is to be 

observed. Iilystrotis, IhII'AT'L'S ant1 C;ulins are some of the devices used as LOs. 

We briefly discuss the aclvantages arltl disad\.antages of these metllods of generating 

LO power. 

2.2.1 Klystrons 

Until recently millimeter wave reflex kl!.strons, phase locked t,o a highly stable ref- 

erence source, were used as LOs. The liniited life time (500 hours) and the bulky 

high voltage power supplies and cooling systems required are their main dra.wbacks. 

High power output and wide tunability were their main attractions. Only klystrons 

can give enough power to pump multipliers used to generate sub-mm LO power. 

2.2.2 IMPATTS 

Local oscillators ~iiade using IAII'AI'T diodes arc capable of power outputs and 

tunability comparable to klystrons. They are also cheaper than klystrons and being 

solid state devices require o~ily low voltage power supplies and no cooling. The 

main disadvantage of IRIPATT oscillators, ho\ve\.er, is their excessive noise. Low 

AM sideband noise can be aclieivetl otily o\.er a li~iiited frequency range making a 

wide band tunable oscillator difficult to sealise. 

2.2.3 Gunn device 

Also called tlie trnrlsferred electr-on dcrice. i t  esliil~its low Ah1 sideband noise com- 

parable to klystrons. It is possiblc to 1iai.e tunahilitj. over a wide frequency range 

without any change in the noise level. Like the IAIPATT, being a solid state device 

it requires only low voltage power supplies arid no cooling. Electronic tunability of 

upto 500 MHz is possil~le by varying tlie bias volt age tvitli easy phase locking. The 

main disadvantage of Gunn oscillators is their low power butput, but it is enough to 

operate cryogenic ~~iixers .  In aditiori availal>ilitx of InP Gunn  devices higher power 

output lias bccor~ic possible. 



Clearly the Gunn oscillators meet the rccl~iircmcnts of an 1,O for a ni~n-wave 

radio telescope. I11 the rest of this chapter. \re ~ v i l l  discuss in more detail the Gunn 

device and the construction of oscillators using the Gunn device. 

The transferred electron effect 

The Gunn tlioclc falls untlcr tlic gcncral class of tlcviccs callctl ~lcgat,ivc coli(luct,ancc 

devices. l'lie device is si~iiply a piece of bulk scriiiconductor such as GaAs or 1111' 

and has no junctiori. The negative contluctance arises due tlie trasferred electron 

mechanism operative over a certain range of the voltage applied across tliis piece of 

semiconductor. It is called tlie Gunn diode after 5.13. Gunn who first dernonstrated 

in 1963 one form of oscillation in tllese devices. The theory of this effect had already 

been proposed by Ridley arid \\:atkins(1961), arid NiIsum(1962). 

To understand the origin of negative conductance we refer to  figure 2.3 which 

shows si~llplified energy band digrams for the ividelp used 111-V semiconductors, 

GaAs and InP. The  conduction band consists of a central valley (primary minimum) 

and satellite valleys (scconclarp rriinima) at cnc3rgic.s a b o ~ l  t llalf an eV liiglier tlian tlie 

central valley. Since at room temperature this energy difference is much larger than 

kBT, the conduction electrons are in the central valley and the satellite valleys are 

unoccupiccl. If the ~iiatcrial is sul>jcctctl to all clcctric ficltl al,ovc so~iic  critical field 

of about 3000 Vcm-', the electrons in tlie central valley gain enough energy frorn the 

field and get scattered into the higher energy satellite \.alley. The  important point 

now is that the effective mass of an electron in the upper valley is alrnost 20 times 

its value in the main valley. making tlie mobility in the upper valley 20 times less. 

Therefore the electroris rn0i.e slower, thus reducing the current. In other words as 

the applied voltage on a saniple of GaAs or InP is increased, the current increases 

till the field in the sample reaches a critical ~.alue, arid then begins to  decrease 

with increase in the applied voltage and one has negative differential conductance. 

The  carrier velocity versus electric field characteristics for GaAs and InP plotted in 

figure 2.4 show clearly the negative conclucta~ice region. 13y scalirig tlie X-axis by the 

length of the sample used one gets the V-I cliaracteristic. Tliis negative conductance 

gives rise to  sustained oscillations when the device is placed in a suitable cavity. 
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Figure 2.3: Energy band diagrams for GaAs and InP (after Eastman 1976). 
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Figure 2.4: Electric field versus drift velocity characteristics for GaAs and InP (after 

Kuno 1981). 



2.4 Oscillator designs for W-band 

Nearly all the designs reported in the literature consist of a Gunn diode embedded 

in a resonator whose fundamental frequency is in the range 30-60 GHz with the 

second harmonic being coupled out through a waveguide which is below cut-off for 

the fundamental. The differences are in tlie design of the fundamental frequency 

resonator. Tuning is done by mechanically changing the resonance frequency of 

this resonator. The resonator Ilia!. hc a \vavcg~litlc cavity t~lrled by a l>acksllort 

(Lazarus et al. 1'381; Uartli 1981; Uester, Jacobs ant1 Vowinkel 1983) or a disk 

and post co-axial arrangement tuned either by inserting a tuning rod near the disk 

giving a sniall tuning range (Rut tan 1975; IIa~.tll 1981 ) or by changing the resonator 

positiori resulting in a wider tuning range (Ondria 1979; Arora and Sarma 1984) or 

by mechanically changing the post length giving the largest tuning range reported so 

far (Haydl 1983; Carlstrom, Pla~nbeck and Thornton 1984). A second backshort is 

incorporaled in the second harmoliic guide \rIiich helps i~nprove the power output. 

Crossed waveguide oscillators with separate ~vaveguides for the fundamental and 

second harmonic frequencies have been built but \vit,li li~nited tunability (Bester, 

Jacobs and Vowinkel 1983). The oscillator wit11 a meclianically adjustable post 

length was chosen for fabrication i11 view of its excelle~lt performance. Being a 

secorld harmonic extraction oscillator, its freqllency is not very sensitive to  loading 

I ) ~ C ~ I I S ( I  tlic' f~l~l(Ianicrital is 11ot c o t ~ ~ ) l ( ~ l  10 t11c 01111)11t.. 'l'l~is giv('s c1io11g11 isolation 

that tllcre is 110 rlcecl to provide a separate isolator Letwccll the LO arid the rnixer. 

Wide- band oscillator design 

The design of the oscillator describecl belo~r is tlic salne as that of Carlstrom, Plam- 

beck and Tlior1iton(1'385) but for rlioclifications to do away witli the niiniature linear 

bearing as described helom. Figure 2.5 slio\vs tile cross sectiolial view of the oscil- 

lator. It consists of a half-height \\--band waveguide with a taper to full-height on 

one siclc. 7'1lc C ; r l r i ~ l  tliotlc is ~rlorl~ltc(l i l l  a Iiolc tlt.illctl i t1  the Iialf-lieiglit portion. 

The lower i~npetlence of tlie reduced Iieigllt iva~.eguide i~nproves the matching to  the 

low impedence Gunn diode. A co-axial ca\.it!- wliose central conductor supplies the 

bias voltage to the diode, intersects thc  guide directly above tlie diode. The bias 

choke which forms the top wall of the cavity can be ~noved vertically. The central 

coriductor has a thin disk at the end ivllere i t  contacts the tliode. Tlie motion of the 

choke changcs tlic Ictlgt 11 of t he ca~.it !- givilig f r ( ~ l t ~ ( ~ l c y  f lltliilg. 
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Figure 2.5: Cross-sectional view of the tunable Gunn oscillator (not to scale). 



If tlie diode is placcd in tlie ricgativc colidrlctaricc rcgioli Ly applyilig a suitable 

bias voltage, oscillations build up at the resonance frequency of the circuit formed by 

the co-axial cavity, the disk, the post arld the diode. The parameters are such that 

this frequency is half the desired output frequency. The oscillations are confined 

to the cavity because the waveguide is below cut-off for this frequency. But the 

non-linearity of the diode V-I characteristic result,s ir i  fields oscillating a t  the secorld 

(and higher) harmonic freequency which the guide propagates. The disk now acts 

as a radial line transformer helping to match the guide impedance to the diode. The 

reactive part of tile tliocle ilripedarice is turicd out l ~ y  tlie I~OII-contacti~ig backsl~orl 

provided. 

Fabricat ion 

The fabrication of the oscillator requires extreme care, especially because the choke 

sections with small airgap - 50 micron (crucial for the output power level) should 

be able to move without touching the outer wall. The oscillator is fabricated as a 

split block in brass. First two cylindrical brass blocks are fixed together with screws 

and dowels in tlie bottom block. The diocle mounting liole is drilled first extending 

upto the top block. The bottom block is then removed arid the hole in the top block 

is rcatrlccl to 2.95r1irrl to form the orltcr wall of tlicx co-axial cavity. This cnsrlrcs that 

tile co-axial cavity is centered above tlie diode. 'l'lie outer surface of the block and 

the hole are machined in one setting and hence are concentric. Then the top face 

of the top block is bored to receive the teflon busli, with the outer diameter of the 

block dialled to ellsure corlcentricity. Tlieri tlic teflon busli is press fitted to this hole 

and bored to  receive the steel busll. The steel bush is made out of oil hardening 

non-shrinking steel (OIINS), hardeliecl and madc sn~ootli by grillding and lapping 

the inner surface. IIarc-lening is necessary to aclieive low wear. This steel bush is 

press fitted into the teflon bush. 

The next dperation is to mill the wareguide in the bottom block with the taper 

on one side. The steel shaft which carries tlie choke is seperately machined out 

of OHNS, ground, lapped arid hardened. It has a central hole to accomodate the 

compression spring. Its outer diameter is such that it makes a smooth sliding fit to 

t t ~ c  stcc.1 l ~ r ~ s l ~ .  A I I  ovc~--sizctl Ic~floli sl(.crc. al~tl I)rass rod arc assc~~~l)lctl  together and 

press fitted to the steel shaft. The brass rod is then ~iiacliir~ed to form the choke 

after dialling the steel shaft to ensure concentricity. This sliould be done accurately 

to avoid the choke shorting while tuning. Fi~ially a celitral hole is drilled through 

the choke for the pin and lapped. The pin is separately machined out of brass to  



make a snug fit to this hole. A \\.ire is soltlerctl to the steel busli and brought out for 

bias supply. We have shown if figures 2.6 a,l>,c and d tlie fully assembled oscillator 

and split views. 

2.7 Performance 

The oscillator was tested in a set-up consisting of an attenuator, a wavemeter and a 

power-head. I'i~is with different disk diameters were tried and the one that gave the 

best performance was chosen a ~ i d  different diodes were tried. It was found that even 

diodes of the same type from the same batch gave markedly different power outputs 

and tuning ranges. It became clear that every time a new diode is to be used some 

experimentat ion is necessary with the pin before one gets optimum performance. 

The way the characterictics of the oscillator would change with pin dimensions 

is predictable to a large extent based on previous work and is also understood 

phenomenologically (see, for exparnple, Arora 1984). 

A 35 GHz diode made by Rlicrowave Associates (MA49713) performed best. Its 

tuning and power curves are sliown in figure 2.7. T l ~ e  phase lock system described 

by Arora(1984) was used to lock the oscillator using the bias tuning property of the 

Gunn oscillators. 

2.8 Conclusion 

An ultra wide-band ~~~echanical ly tunable Gun11 oscillator of simplified construction 

based on a design by Carlstrom, Plambeck and Tllornton(l9S5) has been fabricated 

for use as local oscillat,or wit11 lo\v-noisc rcccivcrs for t.lic 3 111111 at,tiiosl)lieric trans- 

rnissiori wi~idow. It givcs a C3\' power outl,ut of at least 1 m \ Y  whicli is niore tlian 

adequate for punlping a low-noise Schottky miser, covering tlie frequency range 

75-115 GHz. It has been successfully phase-locked to a highly stable VHF reference 

source using the bias tuning property of the oscillator. 
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90 100 110 

frequency (GHz) 
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Figure 2.7: (a) Tuning curve of the tunable oscillator. The tuning micrometer po- 

sition is with respect to an arbitrary reference. (b) Power output of the oscillator. 

The tuning backshort and the bias voltage were optimised to get maximum power 

output. 
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Cliapt er 3 

0 bservat ions 



3.1 The Observing System 

All the observations were made ~vi th the 10.lm millilileter wave radio telescope a t  the 

Raman Research Institute campus at Bangalore (longitude: 77" 35'; latitude: 13" 

01'N; 930m above mean sea level.) The  observing sys te~n used lias been described 

in solrre detail I>y I'atel(1990). \\'e give a I~rief description here. Figure 3. l (a)  sllows 

the telescope. A sclie~natic diagram of the s~.s tem is sliown in figure 3. l (b) .  Tlie 

telescope has an altitude-azirnrrtl~ mount \vi t l i  the receiver a t  the Naslriytli focus. 

Tlre prirnary is a 10.4111 paraboloid rriade frorn hexagonal horieycornb saridwiched 

a1umi1liur-n panels, with a surface accuracy of - 100p rnis. Tlre secondary is a 

hyperboloid of diameter GOc~ns ant1 eccentricit?. 1.06. The  tertiary mirror can be 

switched to throw tlie I>carn a few arcnlinutes. 'l'lie receiver is a 20I< cooled Schottky 

mixer type with 1.5 GIIz IF. Tlie IF outl>ut is furtllcr tlo\\~11 coliverted to  1100 MIIz 

before being fed to tlie backencls. The backends iri use are a 256 channel filterbank 

with 250 kHz resolutiol~ ant1 a 500 channel acousto-optic spectrorrreter (AOS) with 

50 kHz resolution. 

3.2 Observing Method 

All the CC; ol )scr \~a t io~~s  wet(. carried out in t11(. j irquctzcy swrlched  node for tliree 

reasons. ( i )  S o n ~ e  of the C:Gs are bigger tlian the bearri throw available in the 

beam switching system. The largest CG (CG 22) lias a size of - 5'. The  beam 

switching system can give a n l a x i ~ ~ ~ r l m  I~canl throw of only 160"; ( i i )  Tlie system 

is not stal)lcb c11ot1g11 to allow positioli s\vitclling; ( i i i )  Freclue~lcy switcl~i~ig 111akes 

best use of tlie available t i ~ n e  and is the only method possible for extended sources; 

the other two ~iietliods waste a t  least half the tirne looking a t  source-free positions, 

even i f  possible. In frequency switching the line fro111 the source is received in 

different parts of the receiiw pass band cluring alternate switcliing periods. This 

means that  no time is wastetl. But  l>ecause I~et~veerl successive switching periods 

the receiver cl~aractc~ristics arc. cl~a~igctl  (1)). re-t unillg) tlic sul)tractio~l bctwcu.11 tlie 

ON and OFF spectra will not I>e esact Icadi~ig to curved l,aseli~ies. Since we are not 

looking for low level extentled sl>ectral features, baseline curvature is not a serious 

handicap in this case. A frecluer~cy offsct of 15.25 hIIlz was used between thc ON 

a11tl OFF freclrlcvlcit.s, this 1,cirlg tllc j)crio(l of tllc 1)asclilie ripple. 'l'his choice 

recluced considera1)ij. the ripl)le in tlie final spectra retluiring only ~~oly l io l i~ ia l  fits to 

remove l)asclil~c~s. A ty pica1 1)ascliric is s11o\v11 i l l  figr~rc 3.2, alollg wit11 a fourth order 

~ ) o l y ~ ~ o l t ~ i a l  fit. '1'11(. two spcctral fcatures sc>cll arc fro111 the ON and OF17 frequency 







Figure 3.2: A typical baseline obtained with frequency switching. The positive 

and negative spectral lines of 12C0 are from the ON and OFF frequency observa- 

tions. A fourth order polynomial fit is also shown. 



observations. This sj)ectrum is sliifted. iri~.crted and averaged with tlie unshifted to 

get full S/N in the filial spectruni. 

The  switching rate was '2 Hz. Calibration ivas done using an ambient temperature 

chopper at intervals of several minutes. During the observations the atmospheric 

optical tlepth a t  zenith was typically 0.2. mcasurctl l)y t ~ I e s c o ~ ) e  tip~)ilig. A11 tlie 

01)servatiolis were carried out at elevations rarigi~ig froni 25 to  40 deg. Po i~ i t i~ ig  was 

checked by observing Jupiter iri the beam s~vitcliecl mode, 11y a procedure clescribed 

by I'atel(1990). Evcn tlio~lgli .Jupiter covers oril!. a spc.cific track i l l  tlie sky, the 

pointing niodel itself has been fourid to be al~l~l icable  to all parts of tlie sky fro111 

observations of SiO masers. The pointing errors during the observations were less 

than 20" with the rrns bei~ig 6". Figure 3..3 sho\vs the distribution of tlie pointing 

errors. All the clata interpreted in this thesis were obtained during 1990-91 using 

an  AOS with 50 kIIz resolutio~i as back-elid. 'l'he data froni this AOS was later 

bunched to  get 100 klIz resolution spectra giving a 1.elocity resolutio~i of 0.26 kms-'. 

T h e  frequency stal~ility arid resolutio~i of the AOS was cliecked by injecting a C W  

before observatiori every clay. In additio~i. the head of CG22 was observed several 

times spread over two months to get an estimate on the overall error in velocity 

measurements. A histograni of the clistri1)utiori of errors is shown of figure 3.4. The 

rms of this disii.ibution is 0.15 krr~s-' aild tvr rcgni-rl illis tlurr~bcr as the error on all 

velocity ~nensureirteizts reported in illis fhesis. Ttie tclluric CO line was seen in marly 

spectra. It was easy to identify these lines froni the fact that the telluric lines always 

appear a t  a n  LSIt velocity equal to the negative of tlie LSR correction applied. 

The 1989 run 

T h e  co-ordinates for the C'Gs i11 the G u ~ n  Nebula Iiave l>cen listed by various authors 

(IIawardeen and Bralid 1976; Saridqvist 1976: Zcaley ct a!. 1983; Iteipurtli 1983). 
Hartley et n1.(19SG) ancl Feitzi~iger ant1 Stuwc(l9St) Iiave ~iotecl Illany of tlie CGs 
in tlieir catalogues of dark clouds a~i t l  glol~ules found from the SEl tC plates and 

the ESO I3 j)latc.s, rcsi)cctivelj.. IIo\ve\.er. a coriil)ariso~i of co-ortli~iates listed 11y the 

various authors sho\vetl i~iconsiste~icies. The 283 co-ordiliates were sonieti~nes found 

to  have large errors (as niucli as 25' for CG2). \\'lienever there was disagreement we 

used those valrles whicll agrcctl ivitli niorc than o ~ i e  list. 111 cases wliere o~ i ly  283 or 

one riiore autlior listed co-ordi~iates. values from ZS3 were used. Using these criteria 

27 CGs were observetl duririg 1989. Frecjucnc!, s~vitclii~ig by 16 hIHz was used. An 

anil>ic~it-tc~~~l)crat~l~rc c l~o~)~)c~r- \v l~c~cl  was usc.tl for calil)ratio~i. 'l'lic back-end was an 

acousto-optic sl)cctro~iic~tc~r wit11 216 kIIz rt.solutio11 alicl 120 hlllz coverage. I'ointing 



azimuth error(arcsec.) 

Figure 3.3: Distribution of pointing errors measured on Jupiter. 



velocity (krns-') 

Figure 3.4: Histogram showing the distribution of the velocities measured for the 

head of CG22 over two months. The velocities were obtained by fitting gaussians 

to the lines. The rms of the distribution is 0.15 kms-'. 



acousto-optic spectro~rieter wit11 216 kHz resolution ant1 120 hlIIz coverage. I'ointing 

was checked by continuuni scans on Jupiter (See Patel, 1990 for details). Fourth 

order polynomials were fitted to relnove baseline curvature. A sample spectrum is 

shown in figure 3.5. The noise levels and measured antenna temperatures are given 

in Table 3.1. Only 18 out of the 29 CGs coultl he detected. This was surprising 

I~ecause thc 1' bcani of t l l t .  telcscol)e is itlcally sl~itc.(l for d e t e c t i ~ ~ g  the CGs. It was 

therefore suspected that co-ordinate errors could he the cause for non-detections, 

especially in view of the clisagreement bet~veen the different catalogs. So it was 

tlccidctl to rellleasrlrc tlie co-ordi~~ates for all t11t. ('C: Ilcads and tlieir tails fro~ri the 

ESO plates. 

3.4 New co-ordinates 

The co-ordinates of the CGs were measured from contact prints of ESO plates by 

relatively crude methods using magnifiers and graph sheets. The plate parameters 

were derived using a few known stars (listed in the SAO catalog 1966) which were 

used to estimate the co-ortlinatcs for the hcatfs ant1 tail-entls of CGs. The errors on 

these rneasurc~lierits (esti~liatecl 1,y 1ea;.illg out one star at a time f m n  the set used to 

estimate plate parameters and comparing the co-ordinate estimated for this star to 

its co-ordinate listecl in the SAO catalog) are less than 10". CG17, CG18, CG23 and 

CG34, Iiowever, coulcl riot be located in these plates. 'I'lie new ~neasured co-ordinates 

of the head and tail-ends along with the tail lengths are listed in Table 3.2. Tlie 

co-ordinates listed are largely from our measurements. For sorne CGs and the Gum 

Dark Clouds (GDCs, Reipurth 1953) the co-ordiriates are from pul~lislied literature 

as mentioned in the table. CG32 seems to have two co~i i l~onent ,~  which are listed as 

CG32A and B. \Ve have listed tlie individual blobs in CG22 as seperate CGs. The 

measured co-ordinates show significant differences from tliose reported earlier. The 

distribution of these errors is show11 is figure 3.6. 

3.5 1990-91 run 

During 1 990- 199 1 a secori~l rrlri of 12C0 ol~scr~.at ions was carrietl 011 t r~silig tlie new 

co-orcliriatcs. 111 adtlitioli to tlie l ~ c ~ ~ t l s .  a few points along tlie tails were observed. 

All the CGs, except CG2.3 and C'G:34. were now detected. Tlie observation procedure 

was the sa~lic  as before, except that tlie back-entl used was an AOS with 50 kI-Iz 

resolution arid 30 hIIIz coverage. A sarnple spectruni is sliow~l in figure 3.7. We have 



Figure 3.5: A sample 12C0 spectrum from observations made during 1989. A fourth 

order polynomial has been subtracted to remove the baseline curvature due to fre- 

quency switching. The  back-end was an AOS with 216 kHz resolution. 



Table 3.1. 1989 observatiolis. 

Note: a blank indicat.es non-detection 
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Figure 3.6: Distribution of the errors in the co-ordinates of the CGs. The error 

is defined as the difference between the co-ordinate obtained from literature and 

that  measured from SERC plates. 



Figure 3.7: A sample 12C0 spectrum from observations made d ~ r i n g  1990-91. A 
fourth order polynomial has been subtracted to remove the baseline curvature due 

to frequency switching. The back-end was an AOS with 100 kHz resolution. 



listed in Table 3.3 the noise levels, measured antenna temperatures and the LSR 
velocity found by fitting gaussians to the lines from the heads of the  CGs. These 

observatio~is are iriterpreted in Chapter 1. 

3.6 Detection statistics 

To establish the reason for 11011-detectio~is during the previous run, we have plotted 

in figure 3.8, a histogra~ii of tlie nu~riI)er of detectioris and 11011-detections in the 

1989 observations as a function of the co-ortliliate errors (defined as the co-ordinates 

used in the first run inin u s  ~iieasured co-ordinates used in the seco~id run). Those 

CGs having large headsizes (CGs 1,2,4.6,22 and 30) have been excluded from the 

histograln because the errors will not affect their detection. Those CGs for which 

co-ordiriates were not renieasuretl have also been excluded. It is seen from figure 3.8 
that  there are  no detections i f  the error is larger tliali 1'. The  four non-detections 

with error < 1' are CGs with small liead sizes (< 1') for which the effect of even 

small errors and beam dilution are inlportant. 

We thcirjoi.c corzcludc that thr p~. ir i ,n~.y cnlrsc for not,-ilctcc.tioi,s dui-iitg thc firs! 

run was the use of w1.011g co-or.dinclt es. 

3.7 Observations of tails 

Typically, four points were observccl along tlie tails for 21 CGs. T h e  observation 

procedure was the same as for tlie lieatls. 'Ihe ]>oilits observed were spaced equally 

along the tails. These observatio~is are su~i i~~iar i sed  in table 3.4. Tlie velocities, 

widths and line strengtlis were obtained l>y fitting gaussians to  the lines. A part of 

Chapter 4 is devoted to a cliscussion of these observations. 

Mapping of CG22 

The  heacl of the globule CG22, and a part of its tail were mapped in 12C0 and 

13C0 with a grid spacing of 1' both in Itrl aiid DEC. Rlost of the grid points were 

observed twice and were cornpared for consistency before averaging. In addition, the 

center point of the grid was ol)scri.ed every daj. to ensure uniform calibration. These 

ol>scrvatio~is w~rc: ~ i i a c l ~  wit11 a filter l ~ a ~ i k  I)ack-e~~tl of 2.50 kIIz resolution. After 



Table 3.3. 1990-91 ol~servations. 
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Figure 3.S: A histogram showing the number of detections and non-detections in 

the observations done in 1989. 



Table 3.4. ol)sc,r.v;~t io~ls of t . 1 1 ~  t.ilils. 

CGGH 
CGGTl 
CGGT2 
CG6T3 
CGGT4 



Table 3.4. colit i l l r r c ~ c l .  



Table 3.4. co~itiliucd. 

Note: CG3:3H, for expa~nple.  refers to the head of the 

globule CG3.3. Similarly. T refers to the tail. T4,T2,T3,Tl 

represent the sequence of poi~lts alorlg the tails moving 

away f ron~  tlic hcad. The  n ~ ~ r ~ i l ~ c r s  in parenthesis are 

estimated errors in the velocit!. gratlien ts(see text). 
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velocities of CG17, CGl8 arid the GDCs suggests tliat tlie value reported I>y 283 
for CG17 may be i l l  error. As they haye not publislied their spectra, nor mentioned 

their S/N,  we are not in a position to coniment any furtlier. 

Fro171 the above it seerrts clear that the iwdial velocities we have obtained are 

reliable and do n o f  suIfer fr-om cor~tarnination fi-oin other line of siglzt material. In 

addition, tltc fact that the 1989 obsercatioi~s us i i~g co-01-dinales with errors ~*esulted 

in a lower detection rate supports this conclusion. 
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Chapter 4 

Kinematics of the Cometary 

Globules 



4.1 Introduction 

In this chapter we interpret the radial velocities measured for the heads and along 

the tails of the co~netary globules. \Ye first deduce a morphological center for the 

distribution of the CGs. Then the distance esti~nate is discussed. These steps are 

necessary to remove systematic effects like galactic rotation and for the interpreta- 

tion of the velocities. 

4.2 The center of the distribution of the CGs 

For any assumed center, the tail position angle OTH with respect to the line joining 

the head and the center can be calculated using spherical geometry, as illustrated in 

figure 4.1. The center and the head of a CG can be joined by a great circle on the 

celestial sphere. Tlie tail forms a part of anotlier great circle. The angle between 

these two great circles is what we want. The equation for a great circle is 

tan 6 = sin(a - ao) tan i (4.1) 

where cro is the point of i~itersectiori of the great circle and the celestial equator and 

i is the inclination between the great circle ancl the celestial equator. We can find 

cro a11c1 i for lllc t l l c*  two grcat circlcs: orlo for!llc.tl by joilli~~g tile ccllter alld tlie 

head and the other being the great circle of which the tail forms a part. Let us call 

them Doh, ih and sot, it. 111 tlie spherical triangle ABC (refer to figure 4.1) we are 

interested in A, whicti is B t h .  By the four parts formula (Srnart 1977), 

b = cot-'((cos a cos C + sin csin C ) /  sin a )  (4.2) 

Then from the sine formula 

Oth  = A = si~i-~(sir i  B sin cr/ sin 6) 

wliere 

'li, identify a ce~lter for the CC: s~-s tc~ i i  we associate wit11 every point in the central 

region a fraction f ,  defined as the fraction of CGs with OTH (calculated using that 



Figure 4.1: Geometric constructions used for deriving the tail position angle OTH 

relative to  the line joining the head and any assumed center for a CG. GC1 is the 

great circle on the celestial sphere of which the line joining the center and the head 

of a CG forms a part. GC2 is the great circle of which the tail forms a part. GC1 

and GC2 are characterised by ( a H ,  i H )  and (aT, iT) ,  the RAs a t  which the  great 

circles intersect the equator and their inclinations to the equator. OTH is the angle 

between these two great circles. 



poirit as the center) within f 10". \Ye evaluated f over a 15" x 15" area in the 

central region with grid points sc~>aratetl 0.5" in both a and 6. Figure 4.2 shows a 

contour plot of j. Only those CGs ha\.e been used for \vl~icli we have measured the 

co-ordinates. CG24 has riot been included because of its anomalous tail direction. 

The CGs used in the analysis are sho\v~i as filled circles with tails and the CGs not 

used are sliowri as OJICII circles with tails. For clarity tlie tail lengtl~s shown have 

been scaled up 10 times. The contour spacirig is 0.0.5 with every third contour draw11 

as a solid line. One can see that there is a central maximum with which 60% of the 

CGs are associatecl. The locatiorls of the various interesting objects such as < Pup, 

Y2 Vel, the Vela SNEt etc. are also marked in tlie figure. The SNR Puppis A lies 

very close to the center but we show in the next sect ion that it is very unlikely to 

be associated with the CGs. There are no strong local maxima associated with any 

of these objects. This indicates that rnost CGs are affected by a combination of 

objects rather than a particular one. The co-ordinates of the central maximum are 

o = 17m, and 6 = -43". C\'e will refer to this point as the naorphological center 

or center for short, hereafter. The center deduced by us is 1.5" north of center1 of 

283. Reducing the limiting eTH froni f 10" to f 5' for calculating f merely results 

in increased noise on the contour plot. The apparently anomalous CG24 tail can 

be understood by noticing that it is so close to ccnier that even small errors in the 

location of center can make tile tail clirectioli look anomalous. 

Is Puppis A associated with the CGs? 

In view of the reniarkable near coi~icitlcr~ce of tlie decluced cenier with the SNR 

Puppis A, it is worth briefly discussirig whether the tivo may be causally connected. 

Zarnecki et a1.(1978) estimate a distance of 1 kpc for Puppis A from X-ray absorption 

measurements. The C - D distance to Puppis A is 2-2.5 kpc (Milne71979,Casewell & 
Lerche,1979) although it should be emphasised that this method has been severely 

cri ticised ill tlie literature (Sri~iivasali aritl Dwarakanatli 1982; Green 1984). The 

latest estimate based on the kinematic distance to molecular clouds interacting with 

Puppis A gives 2.2 kpc (Dubner S: Arnal,lgSS). \\k will therefore adopt a distance of 

2 kpc to Puppis A. At this distance it n.oirld be very dificult to detect CGs, especially 

ones close to the galactic plane. If the CGs are placed a t  the estimated distance to  

Puppis A, then they will be x 200 pc away from the SNR. From the size of the SNR 

it is clear that the SN shock has not reached the CGs. So the only way Puppis A may 

be associated with the formation of the CGs is through the photon pulse a t  the time 

of t l ~ c  cxplosiorl or altorllativc~ly t l l ~  ll\ '  ratliat,io~i alltl stcllar wilitl fro111 its yroyeni- 

tor. The age of Puppis A has been estililated to be .v 3700 yrs (Winkler et ~1.~1988). 



Figure 4.2: The figure shows contours of constant f ,  where f is the fraction of 

the cometary globules with position angles of their tails 5 10'. The position angles 

are measured with respect to the line joining the head of the globule and any par- 

ticular point in the region. The inner most contour bounds the region where for at 

least 60% of the globules the position angles of the tails are < 10'. The  contours 

are drawn in steps of 0.05 in f and were evaluated with a grid spacing of 0.5" x 0.5". 

Every third contour is shown as a thick line. We designate the central maximum 

as the morphological center of the system. The globules used for evaluating the 

contours are shown as filled circles with tails, and those not used as open circles 

with tails. For clarity, the the tails have been scaled up 10 times. In addition, the 

figure shows several other interesting objects such as the Pup A SNR, the Vela SNR, 

Pup, y2 Vel and the open clusters TRlO and NGC2547. 



From the nieasu~ctl clcctro~i density of - 100 C I I I - ~  for tllc I,riglit rim of CG30 (Pet- 

tersso11,1984) we csti~iiate a rc~co1ii1)iriat ion lifct i ~ i i ( x  trrco,, ,b = ( n e o ) - l  - 1200 yrs. So 

i t  is tlifficr~lt to sc1o Ilow tlio ~)r t .sc~~tly oGst~rvc-tl I)rigllt rillls (:a11 I,(: d r ~ c  to tllc initial 

excitation by the supernova flash. Further. both the expansion age of the system of 

CGs and the age of the tails estimated i r i  later sections are - a few million years, 

thus making a causal association I,ct\vcc~t I'rll)l)is A a ~ l d  the CGs very u~~likcly. 

We therefore conclude that the coi~icide~ice of Puppis A and tlie center is a chance 

superposition. On similar grounds we rule out any role for the Vela SNR in the 

formation of the CGs. 

Figure 4.3 shows the distribution of O T H .  \ \ e  see that apart from the central 

peak there is a peak at 35" corisisti~ig of four globules, viz. CGs 26,27,29 and 33. 

The directions of their tails suggest that they may be associated with C Pup alone. 

It is possible that they are closer to i Pup in tlie directio~i perpendicular to the 

plane of the sky. Even though we cari~iot associate a single object of any importance 

with the center, we will use it as the center of the distribution of CGs for further 

analysis. The other objects in figure 4.2 are discussed in the next section. 

4.4 Distance to the CGs 

The most important objects in the region of tlic CGs from the point of view of 

~norrieritun~ a ~ i d  energy budgets are ( I'up, y 2  Vel, and tlie clusters NGC 2547 

and TRIO. All these objects are at a distance of - 450 pc (Eggen 1980, Claria 

1982). As seen in figure 4.4, a histogram of the distances to early type stars towards 

the Gurn Nebula used hy \Vallerstein, Silk and Jenkins(l980) to study gas in the 

nebula shows a peak at 4.50 pc. In an earlier study of the Gum Nebula, Brandt 

et a1.(1971) had identified a possible B Association a t  450 pc distance which has 

later been named Vela OB2. So it is clear tliat, at  a distance of 450 pc there exists 

a significant population of early txpe stars. The location of some of these objects 

are shown in figure 4.2. The point to note is that these objects, some of which 

have to be necessarily invoked to explairi tile CGs, are at about the sarne distance 

and are centrally located with respect to the distribution of CGs. So we assume 

that the CGs are at the sarrie distalice as these objects, viz. at - 450 pc. Further, 

Pettersson(l98'7) has estiniatetl a lower liniit for the distalice to CG30-31 co~riplex 

to be 420 pc using a foregroulid star. and the distalice to tlie young star in the head 

of CG1 has been estimated to be - 500 pc (Brand et nl . ,  1953). Adopting a distance 

of 450 pc would imply that the distribution of the CGs extends to about 150 pc 

~)erpct~tlicular to tho liric of sight. 
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Figure 4.3: The distribution of the position angles OTH of the tails relative to the 

line joining the center and the respective heads for 24 CGs (see figure 4.1). 
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Figure 4.4: The distribution of the distances to the early type stars towards the 

Gum Nebula. The distances are from Wallerstein, Silk and Jenkins(l980). 



4.5 Radial velocities 

We now wish to discuss the irnplicatioris of tlie measured radial velocities listed i11 

Table 3.3. First, we briefly touch upon the suggestion made by 283, viz. that the 

velocity distribution can I>e understood in terms of the large scale galactic rotation 

effects. In figure 4.5 we have plotted the radial velocities against the position angles 

of the CGs measured witli respect to the center ~vitli zero towards north and increas- 

ing through east. The sinusoid fitted by ZS3 which led them to suggest a rotation 

of the system of CGs is also shown. Clearly, the fit is very poor. There are two 

reasons why the sinusoid is a poor fit to tlie new data; (i) the revised value of the 

radial velocity of CG17, and (ii) velocities of CGs not detected earlier. Our main 

conclusion from this figure is that the model of tlie CG system rotating about an 

axis perpendicular to the galactic plane is untenable. In figure 4.6 we have plotted 

the radial velocities against galactic lor~gtitude. Again, tlie new data does not per- 

mit a simple straight line fit as suggested earlier (Z83), and therefore an explanation 

based on galactic rotation effects is hard to reconcile. Nevertheless, tlie contributiori 

due to galactic differential rotation will be present and should be removed before 

attempting to interpret the velocities. 

Before one can correct for the galactic differential rotation one must assume a 

mean distance to the CGs. Based on the discussio~i given in section 4, we will adopt 

a distance of 450 pc. The dashed line in figure 4.G represents the expected radial 

velocities for different galactic longitudes from the well known formula 

witli t l ~ c  I~cliocc~itric clistalicc t. = 450 pc a~itl b = 0. \Ve Iiavc assur~ictl a value of 

14.5 kms-I kpc-' for Oort's constant 11 (Kerr & Lynden-Bell 1986). 'l'he significarit 

deviations of tlir: ol~scrvc<l radial vclocitics fro111 tltc cxl)cctecl value given by the 

dashecl line suggests local r~iotio~is in the CC: systell~. Figure 4.7 sliows the residuals 

after galactic rotation effects have been subtracted out using eq. 4.4. It sliould be 

remarked that the differences in the line-of-sight distances to the various globules 

( N  150 PC) can only account for a scatter - 1.4 k~ns-'. 

4.6 Expansion of the globules 

111 this sectiori wc wish to argue that t l ~ c  i.cloc.ity rc.sid~~als can bc easily u~~tlcrst,ood 

in ter~iis of an expalisioli of t 1 1 ~  systc~rii of globules frorii a c o ~ ~ i ~ i ~ o ~ i  c e ~ ~ t e r .  If tlie 

CGs are distributed over a shell expancling with uniform velocity then, as ca.n be 



posit ion angle(degrees) 

Figure 4.5: The velocities of the globules in the Gum Nebula with respect to the 

Local Standard of Rest. The horizontal axis is the position angle of the globules; 

zero is North and the position angle increases through East. The sinusoid shown is 

the fit made by Zealey et. a1.(1983) for their data. 
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Figure 4.6: The velocities of the globules in the Gum Nebula with respect to the Lo- 

cal Standard of Rest versus the galactic longitude. The broken line shows expected 

velocities due to galactic differential rotation for an assumed heliocentric distance 

of 450 pc and b = 0. 
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Figure 4.7: The residual velocities of the globules in the Gum Nebula after re- 

moving the contribution of the galactic differential rotation. A mean distance of 450 
pc to the globules has been assumed. 



seen from figure 4.S(a), the expected velocities are given by 

where vex, is the expansion velocity of the shell, Z J , , ~  is its line of sight component, 

and 0,,, is the angular distance of the farthest CG froni the cettier. In this case one 

would expect the residual velocities, when plotted against (1  - sin2 O/ sin2 o,,,)~/~, 

to fall on two straight lines as shown in figure .i.S(b). If the CGs are not on a shell but 

distributed throughout the sphere, the11 the region hetween the lines will be filled- 

up provided the inner CGs move slower that1 the outer CGs. If the distribution of 

the CGs within the sphere is not uniform one will find an incomplete filling of this 

region. 

Figure 4.9 shows the absolute value of the residual velocities plotted against 

(1 - sin2 8/ sin2 o,,,)'/~ for a11 tlie CGs and the GDCs. We have taken Om,, to be 

12.5', corresponding to CG13. It is clear that there is an upper limit to the velocities 

which illcreases as one goes closer to tlie center (abscissa = 1) implying an expansion 

of the system. A co~itraction of the system will also have the same signature, but is 

very unlikely. The two straight lines sho\vn correspond to expansion velocities of 15 

kms-' and 9 kms-'. We will adopt an expansion velocity of 12 kms-*. The figure 

further shows that the CGs are distributed over a volume rather than in a shell, and 

that the distribution is not uniform. Finall3; tlie inferred expa.nsion velocity of 12 

krns-' i~riplies an exparision age of - 6 hlyrs. 

4.7 Radial velocities along the tails 

In addition to measuring the radial velocities of the heads of the cometary globules, 

we also measured tlie velocities along the tails (listed in Table 3.4). In this sectio~l 

we discuss the resu1t.s of these observations. 

Out of 21 CGs for which at least three points along the tails were observed, seven 

show very pronounced ancl systematic velocity shifts. In figure 4.10 the measured 

velocities are plotted against the distance from the head for some of these. The 

velocity gradients Av, in kms-'arcmin-' were obtained by fitting straight lines 

which are also shown in the figure. These gradients are also listed in Table 4.1. 

along with the estimated errors in the gradients. In figure 4.11 the velocity difference 

between the head and the extrenle end of the tail is plotted against the velocity of 

the head for all the 21 CGs. hlorc precisely, the ortlinates are calculated as product 

of the velocity graclictit alolig t l io tail a11d tlit. tail Ic~igtli. 'l'lie velocity dilferenccs 

so calculated are affecked less by errors in the individual measurements. As may 



pe sin em,, jI2 

Figure 4.8: (a) A schematic tliagrari~ for tlcri\-ing expected velocities from an ex- 

panding shell of ol~jects.  \/,,. is the exl~a~ision velocity wl~ose radial co111l)onent is 

Kad and 8 is the angular distance to any ~ ~ o i n t  on the shell from the center of the 

shell. ( I , )  The  expectetl velocity plot tecl against (1  - sin2 01 sin2 0,,,,,)1/2. 



Figure 4.9: The absolute values of the residual velocities of the globules plotted 

against (1 - sin2 81 sin2 where 8 is the angular distance to the globule. The 

lines shown correspond to uniform expansion at 9 and 12 kms-' 
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Figure 4.10: The velocity gradients along the tails for 6 out of 7 CGs which show 

pronounced gradients. The straight lines are least square fits to the data points. 
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Table 4.1. velocity gradients along the tails. 

gradient 

kms-'arcmin-' 

0.019 

0.040 

-0.014 

0.016 

0.061 

-0.133 
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-0.0.56 

-0.018 
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0.021 
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0.003 
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0.021 

0.032 

0.038 
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0.25 

0.005 

0.018 

0.013 

0.089 

0.02 

0.052 

0.02 

0.006 

0.007 

0.043 

0.032 

0.05 

0.064 

velocity I error in 
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Figure 4.11: The difference in velocities between the ends.of the tails and the re- 

spective heads plotted against velocities of the heads of the CGs. 



be seen, the data points fall approsinlately 011 a st raiglit line passing close to the 

origirl. 'I'llis i111l)lics that tlic gas at tllc cl~(l of the trails is riiovirlg fastcr tha.11 tllc 

heads and in the same direction as the heads. 

If we assume that the tails are formed due to the stretching effect of these velocity 

differcnccs ovc3r the coursc of ti~ilc, oris call calculate at1 agc for tlic tails as tlie time 

taken for the presently observetl velocity difference to result in an elongation equal to 

the measured tail length. Since we have only tlie radial co~liponent for the velocity 

differences and the t m n s v e ~ e  component of the tail lengths, the calculated ages 

suffer from projection effects. Figure 4.12 shoivs the distril3ution of the estimated 

apparent ages of the tails in millions of years; a distance of 450 pc has been assumed. 

The apparent age is related to the real age through the relation 

where 9 is the angle between tlie tail and the line of sight. Since most of the CGs 

are distributed towards the periphery of the system, we believe that most CGs have 

9 > 45'. Thereore, tlie apparent age represents an over estimate of the real age. We 

feel that - 3 hnlyrs is a reaso~iable estimate for the ages of the tails. 

4.8 Conclusions 

From an analysis of the mesured velocities of t.he cometary globules we come to  the 

following conclusions: 

The kinematics of the CGs ca~iriot be interpreted in terms of a model where 

galactic rotation effects dominate. as was suggested by ZS3 based on their study of 

a smaller sample of CGs. Our study points to two clear interpretations: 

1. The distribution of the radial velocities of the heads of tlie cometary globules, 

after galactic differential rotation is subtracted, is best understood in terms of an 

expansion of the system about a cornlnoli reltfcr. The data is better fit by a model 

in which the globules are non-u~~ifornily distributed throughout the interior of a 

sphere, rather than in a shell. The expansion velocity of the outermost globules is 

12 k111s-l. The irnplicd ex~~nnsion ngc  of the systern is - 6 Myr. 

2. Some of tlie cometary tails slioiv sj.steniatic velocity gradients. It is interesting 

that the estimated age for the formation of the tails inferred from these velocity 

gradients is al)oi~t the same (- 3 RIyr) as thc expansion age. 



apparent age of tail(Million years) 

Figure 4.12: A histogram of the apparent tail &etching ages defined as the time 

required for the velocity difference between the heads and the tail-ends of the CGs 

to  stretch the globules to  their observed lengths. 
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Chapter 5 

Maps of CG 22 



5.1 Introduction 

In this c1ial)tcr we derive tlic Iiiass of I31ob 1 of CG2'2. 'I'l~is globtlle has tliree regions 

of high obscuratio~l along its tail which niay, in fact, be seperate CGs. These have 

been called Blob 1,2 ancl 3 respectively. From the maps of the Blob 1 arid associated 

tail of CG 22 ~ n a d e  in the .J=l 4 0 lines of 12C0 arid 13C0 we derive temperature 

and column density distributions. \\:e estinlate the mass of Blob 1 by three different 

methods. The chapter ends with a discussion of t,he results. 

5.2 Data Reduction 

The observations and basic data reduction have been described in chapter 3. The 

temperature scale obtained by these reduction steps is what has been called TI in 

the literature. This quantity is telescope dependent. Uie have to correct this further 

for the forward coupli~ig efficiency and the image-band to signal-band gain-ratio to 

obtain Tk ,  the nlain bean1 antenna temperature. This quantity has also been called 

the radiation temperature. This is the closest one can get to the source brightness 

temperature in the absence of any kliowlctlge al>out the source structt~re, and is less 

dependent on the telescope. \\'e describe belo\v briefly the basis of these corrections. 

5.3 Basics of calibration 

An ol>scrvation consists of a run of OiY ant1 O F F  ~ilcasurelnents, ancl a run of 

AAlB and O F F  ~neasuremerits for calibration. The OAT and O F F  nieasurerllents 

may correspond to two different positions in the sky (heam or position switching) 

or two different frecjuencies (frequency switching) and the AA4B measurement is 

made with an ambient tenil~erature absorber in front of the receiver. Let the cor- 

responding voltages measured he 1 b.y. 1 bFF and \kArB.  Let the system, including 

the atmosplicre, Iiave gains C;, ant1 GI i r i  the signal arid iniage hantls. Tlieri for a 

spectral line obscrvatiori with a double side-band (DSB) system we have 



from which we derive 

Ts,,,,, is what is normally referred to as T i  in literature, the antenna temperature 

aftcr cos~,cctio~l for all tc!lcscol)o lossos occtrrit~g at a~l~I)iot~t  t(!tlil)~rat~lre (for exarl~l)le, 

a lossy elenlent at room temperature iri the bearn path or beam truncation due to 

or spill-over onto ambient temperature objects). It is not corrected for that part of 

the telescope response on the sky outside the main beam due to spill over past the 

seco~ldary, the error pattern etc. This correction is done by dividing Tt; by vfss, the 

forward spill over and scattering efficiency. 

5.4 Calibration at the 10.4m telescope 

For the DSB receivers used at the 10.-irii telescol>e, tlie ratio of tlie side-band gains 

have been measured to be same within 0..5dB. \lye assume that the gains are same 

because the signal and image frequencies are only 3 GlIz apart. So G, ane G; can 

be different only because of tlie frequency tlepcnderice of atmospheric absorption. 

The measured atmospheric absorption in the 3 mln window reproduced in figure 5.1 

from Ulich and Haas(l976) s1ion.s that the frequency tlependence is appreciable at 

115 GIIz arid ricecls to I>c take11 illto accou~it . \\'c cstiliiatc. the ratio G;/G, frorn this 

figure to be eO." for I2CO observations wit11 LO at 113.8 GHz. The measurements 

do not necessarily correspond to conditions at Bangalore but we assume that the 

effect on tlie gain ratio will or~ly he of sccolitl ortlcr. So all our I2CO line strengths 

liave to be multiplied by a factor (1 + e0.I7)/2 = 1.09. As can be seen from the 

figure, the atmospheric absorption flattens off at 110 GHz and therefore 13C0 line 

strengths do not ~ieetl such a correction. To make tlie more important correction for 

forward spill over and scattering, we can use the measured value of 0.61 for i~f,, at 

113.8 GHz (Patel, 1990). \Ve assurne that rjjsS is 0.61 a t  both 110 GHz and 115 GHz 
and multiply both 12C0 and 13C0 data by l/rlfss = 1.64. By doing this we get what 

is referred to as T i ,  the source brlghtizess fernperafure coi~volved with the antenna 

difiaction pattern, tlie closest one can get to the source briglitliess teliiperature in 

the absence of any k~iowledge about the source structure. This is the quantity that 

is reported nowadays in tlie literature. So the corlrction factors to be applied for 

12C0 and 13C0 data are 1.79 and 1.G4, rrsyectictely. On applying these corrections 

the line strengths on Orion A obtained at tlie 10.4111 telescope are 73.4 I< for 12C0 
and 13.9 I i  for 13C0 in agrcemcrit with vall~cs rcyortcd in tlie literature. Table 5.1 

lists the values obtained by various telescopes. 



Figure Fj.1: The atmospheric attenuation curve over the 3-mm window (after Ulich 

and Haas 1976). 



Table 5.1: CO line strengths 011 0111 A 

The forward spill over and scattering eficiency, tl,, , ,  is a function of elevation but 

since all the data for tlie maps were taken over a small elevation range of 25'-40°, 

we do not 11lake any elevation dependent corrections. The T;I for Orion A values 

quoted above were ~ n a d e  at -4.5' elevation. \\:e assume that the correction applied 

is not much in error for ttie elevation range of our observations. 

Telescope 

FCH.AO 14m 

AT&T Bell Labs 71n 

RRI 10.41~1 

The final spectra were written on tape in FITS format and further data reduction 

to obtain temperatures, optical depths arid column densities were carried out on 

AIPS. We give a brief summary of the ~riethods used to derive these quantities and 

the results. 

5.5 Temperature 

I2CO 

I i  

70 

76 
73.4 

The most corlirnoli tliethod used to cletcrn~ine tIic kinetic telliperature in a molecular 

cloud is to use a line that is optically thick and therlnalised. These conditions are 

met by the J = l  -, 0 transition of 12C0. Due to its small dipole moment, CO reaches 

thermal equilihri~im for relatively low tlcnsity of I I 2  (300 C I I I - ~ ) .  111 addition, this 

line i~ a111iost always optically thick. 'I'he disadvalitage of this ~netliod is that tlie 

temperature obtained corresponds to the outer regions of the cloud where the line 

becomes optically thick. Iiowever, unless detailed modelling is done a constant 

temperature for the cloud is assumed even though this is unrealistic. Keeping in 

mind that for typical nlolecular clout1 temperatures hv << kT is not valid and taking 

into account the 2.7 I\: background. the kinetic temperature is given by 

as derived in the Appendix. Figures 5.2(a) arid (b )  show a contour plot and a ,  

psuedo-color image, respectively, of the clistril~ution of TI;,,, in CG22-Blob 1. 

I3CO 

I i  

17 

14.9 

13.9 

]>earn 
I1 

50 

100 

GO 

ref. 

Snell et. al. 1984. 

Bally et. al. 1987. 



5.6 Optical Depth 

The spectral line from 12C0 being optically tliick, it is 13C0 whose optical depth 

is determined directly from the observations. One first assumes that the excitation 

temperatures for both 12C0 and 13C0 are the same. Then one obtains the 13C0 

optical deptli from the observed 13C0 line using simple radiative transfer. We 

reproduce below the expression for optical depth derived in the Appendix: 

Figures 5.3(a) and (b)  show, respectively, a cont.our plot and a pseudo-color image 

of J rdv,  the integrated optical depth distribution in CG 22-Blob 1. 

5.7 Column Density 

To derive the column density A;{, of molecular hydrogen, we first obtain the NlsCo, 
the colulriri clerisity of 13C0 fro111 J T ~ U  usilig the followilig relation derived in the 

Appendix: 

From &Jco we get NH2 using the proportionality factor given by Dickman(l978) 

viz., 

it[if2 = (5.0 f 2.5) x 105~f13Co (5.8) 

This conversion has been derived fro111 ol~servatiol~s of 38 'dark clouds in 12C0 and 

13C0 and extinction measurements. A universal value for the ratio N ; I , / J ~ ~ J ~ ~  has 

been questioried by Frerking, Langer alicl \\'ilson(l9S2) wlio fount1 that this number 

can vary by as much as a factor of 10. \\h use Dickman's number as more information 

is not available. Figures 5.4(a) and (b)  show a contour plot, and a pseudo-color image 

of the distribution of aJco in CG 22-Blob 1. 

5.8 Mass estimates 

Masses for niolecular cloutls can be esti~iiated 115 three different methods. The first 

method lises an optically thin line such as '"0 to get Nil, as clolle above. If tlie . 

distance to tlie cloud is klio\vli. car1 Ijc i~itegrated over tlie projected area of the 
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Figure 5.2 (b) A pseudo color image of the kinetic temperature distribution over 
CG22-Blob-1. The scale is in units of Kelvin. 



PLot file version 1 created 17-AUG-1992 14:35:52 

08 27 10 05 00 2655 50 45 40 35 
RIGHT ASCENSION 

Peak flux = 1.2478E+00 
Levs = 1.0000E-01 ( 1.000,2.000,3.000, 
4.000, 5.000, 6.000, 7.000 8.000, 9.000, 
10.00, 11.00,12.00,13.00j 
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Figure 5.3 (b) A pseudo color image of the i~ltegratecl '3CO optical depth distribu- 

tion over CG22-Blob-1. 
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Figure 5.4 (a) A contour plot of the 13C0 column density distribution over CG22- 

Blob-1. The levels listed are in units of cm-*. 



n over 



cloud to obtain the gas mass. Based on this nietliod we derive a n~ass  of 27 Ma 

for CG 22-Blob 1. 

The second method uses the e~llpirically tleterli~il~ed proportioriality between 

Inco and NH2 (Dickman 1978; Young and Scoville 1982). The basis for this propor- 

tionality has remained unclear although explanations based on the clumpy nature of 

molecular clouds and virial equilibrium Iiave been proposed (Solornon el. nl. 1987). 

We have used a value of 2 . 3 ~ 1 0 ~ '  ~rn-~/I ikrns- '  for the ratio I 1 2 ~ ~ / n / t ~ 2 .  Based 

on this method we obtain a mass of 71Mo for CG 22-Blob 1. 

The third method assumes that tlie cloud is in ziirial equilibrium, and estimates 

the mass from the observed velocity dispersion. Approximating CG 22-Blob 1 by a 

sphere with radius 5', using the observed Z ' F ) ) . H , ~ ~  of 1.2 kms-I we obtain a virial 

mass of 250 Ma. 

5.9 Discussion 

Figure 5.5 shows the 13C0 column density distribution superimposed on an optical 

picture of CG 22 frorn the ESO plates. Clearly, there is excellent agreement between 

the two. The ilidividual streaks seen on tlie optical tail are well traced in CO. 

In addition, the CO emissioli is restricted to the regions delineated in the optical 

picture. The gradient in ; l f~~co is cjuite sharp on tlie side which faces the center 

of the system of CGs (roughly south) whereas on the northern side the cloud is 

diffuse. Tliese eviderices point directly to the profoulid effect of tlie environment on 

the globule. 

'l'here is evitlclice for all enibedcled yourig star whicl~ shows up in the IItAS maps 

of Sahu et.a1.(1989) as a point source. This star has been seen in 2.2~1 scans and is 

the same as the Hcr eniissiorl star \\.ra2'20 (also PIIa92). This is believed to be a 

pre-~nain sequerice star in the Inass range 0.5-2 hIm forliiilig i l l  CG 22- Blob 1. This 

makes the star formation efficiency of the globule - a few percent. This point source 

has an IR luminosity of -4Lg with a large error (lLG,-SLo). The ratio L I R / M  is 

only 0.15. Sugitani et .a/.( 1989) have establislied an en~pirical criterion for externally 

triggered star for~nation basecl on this ratio. According to t.henl a ratio > 0.3 implies 

external mechanisais. I t  would appear that this star i l l  CC: 22 is not being fornled 

by external ~neclianisms but i t  is not possil>le to say this conclusively because the 

error in L I R  is too large. 

The mass derivetl here from C'O observatio~ls (27-iORI,;,) is iri reasoliable agree- 

lilerit witli t11o cstil~iate ( - l O A I , i , )  ol)tailic>tl l)y Sallu ct.nl.(l!)S!)) fro111 tlie 11tAS 



Figure 5.5: Contours of the 13C0 column density superposed on an optical neg- 

ative image of CG 22-Blob 1 .  The lowest contour is at 8 x 1014cm-2 and the step 

size is 8 x 1014cm-2. 



maps. Tlie virial riiass is too large conll)ared to the mass derived fro111 CO obser- 

vations. This may imply that the clout1 is disintegrating clue to the effects of its 

environ~nent . 
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Chapter 6 

IRAS sources in the dark clouds 

in the Gum Nebula 



6.1 Introduction 

In this cllaptcr we tliscrlss t l lc .  >.orlng stars c ~ ~ ~ i l ) ( ~ l ( l ( ~ d  in (lark clorlds i ~ i  tlle Gun1 

Nel~ula as revealed by tlie Infra-Red Astronomy Satellite(I1tAS) survey data. The  

aim is to  study the locations of Yor~ng Stellar Ol>jects(YSOs) inside the  dark clouds 

with rcsl)cct, to thc cc~ltcr of tllc clistril)utio~~ of t l l c .  C ' C k  iri tllc Gun1 Nel>r~la. If tlie 

s tar  for~i iat io~i  in the dark clouds ill the C;u~ii Ncl~ula has I>ec~l triggered I,y exterizal  

evei t t s ,  the locations of the 1'SOs should reveal this as a tendency for the YSOs 

to lic towartls ( 1 )  tlle periphery of tlic c l o ~ ~ d s ,  a ~ i d  ( 2 )  toirrards tlie side facirig tlie 

center. 'l'llere Ila\.v. been t ~ v o  sucli studies of IIItIS sources in dark clouds i r l  tlie 

past, between theni, coveri~lg tlie whole of the skj. (Enierson 1955; Parker 19%). 

They looked for enl~a~icenie~i t  in the densitj. of IIIAS sources t,owards edges of the 

clouds. 111 such whole-sky strltlies, si~lce tlierc is no ol>vio~ls center for the processes 

possibly triggering star for~iiat ion. the seconcl effect 111c1it io~letl callnot I>e stutlied. 

Both these studies co~iclutle that there is no ei-itlence for externally triggered star 

formation iri  dark cloutls. 'I'lle first of tl~csc. stu(1ic.s tlo~~c. I>y 1Sri1crso1i(l9Sri) for the 

sout her11 sky uses the Southern Dark C'loutl(SDC') catalog conil>iled by Hartley et .  

a1.(19SG) fro111 the ESOISERC' J Survq- plates. This catalog gives in addition to 

tllc co-ortli~~iltc~s tile 111ajor a11(1 1ili11or ascls of I l l ( >  cxllil)sc' i\rllicl~ 1)cst apj)soxir~lates 

tlie cloud. U~ifortu~iately i t  clocs 11ot list the orie~ltation of the ellipse making the 

interpretation of the IRAS source locations difficult. 111 otlier words, based on tliis 

infornnation it is not possil~le to say relial>l>. i f  all II<AS sor~rce lies towards the 

peripllery of a clor~cl or I I O ~ .  'l'llis is a 11iajor tlraivl~ack for any study wliicli seeks to  

draw coriclusions l~asctl 011 the clista~lces of tlic IIIIIS sources from tllcir respective 

cloud-centers as in E n i e r s o ~ ~ ' ~  stucly. Tlic secor~tl strltly clo~le l>y Parker(l9SS) for 

the northern sky is basetl 011 the accurate s11al)es of I,y~ltls dark cloutls and so can 

give reliable inforrllatio~i about external triggeri~ig of star for~iiation. Tlie results 

of these studies indicate o~i ly  that external triggering of star formation is not wide 

spread. 

In tlie case of tlie tlark cloutls i l l  t l i v  C ; U I I ~  NeI)rlla, tllcre is alrcatly su l~s t~a~l t ia l  evi- 

cle~ice for external processes affc.cti11g the111 alltl also a11 al)l)arc-111 cc .~ i Ic~- -of - i i~ . f l l~ence .  

We tau take aclvalltagc. of t Ilc.sc. c i rcu~~is ta l~ces  alld ~iloclify tllc 11iet210d of analysis of 

the location of the IliAS sources. If the processes originating i r i  tlie celitral regiorl 

are important for triggering star forniation. tlie~i apart fro111 exl>ecting tlie IHAS 

sources to  lic to~vartls t11c edges of tllc clou(ls. olic also expects that they l>e on the 

sides of the clouds facirig tile cellter as nic~ltio~ictl l~efore. We use this second prop- 

erty of tlic exepectetl clistril)ution of II1:IS sources. The atlva~itage of tliis nietliod 

is tliat i t  is not aKcctctl 1)). t llc csact slla~)c' of t llc c.lorltl arltl its ol.ient.i~tio~l. 



111 tllc. ~ i c ~ x t  stxct,io~i we i t r i l l  tlt~scril~c tIic critcrio~i we Iiavc usecl for sclectirig YSOs. 

In the thirtl arid fourth sectioris we describe tlie search anti a~ialysis procedures. 

Then the statistical 11it:ttiod usctl to ol~tain tlie corlfidcncc level is clescribed. The  

last sectiori discusses tlie results. 

Selection Criteria of the YSOs 

T h e  criteria used for selectirig a J'S0 are the same as the ones used by Parker, along 

with those proposed by E~ner so~ i  ?'hese are listed below: 

2. [25-121 > 0, i f  also tlctcctctl at 12/1 

4. Detection at G O p  ant1 100p on11 iv i t l i  [ l o o - G O ]  > O.G 

Here [25-121 means the 2.5 to 1-3 rnici-on color. G ~ O ~ [ S ~ ~ / S ~ ~ ] ,  S25 being the 

I ] <  AS ca t,;~log f l r~x  tlc~isi ty i t 1  .J;IIIS~J. at 2511 \va\.(~lcrlgf 11. r I ' I i ~ >  fifth cri tcrio~i,  ~lsc:tl 

by Parker is si~iiple a~icl picks up sources ~ 1 1 o s c  teriil)eratures are less tliari .- 70 

I<, thus rejecting the Inore e\-ol\.ecl stars. 7'1ic first four criteria from Emerson 

are Inore clctailetl atlcl were arrivctl at l)asc(l o ~ i  t hc rcgio~is occupied by k ~ i o w ~ i  

classes of objects i r i  the IIIAS colo1.-color. plots. l'arkcr lias slio\vn that objects 

meeting criterion 5 fall i l l  ~egioris i r i  the color-color diagram recognisecl by E~nerson 
r ,  , I  

to  bc ~)o~)ulatct l  1)y I - Ia r~r i  stars, criil)c~tltlctl colc3s a~l ( l  galaxicls. I f  any onc of tllcse 

conditions is satisfietl, the source is corisitlerctl a carididate. IZ'e take a n  IllAS 
source to  be an  er~bedded IS0 if 1 f  mcefs  one of the nbove criteria aitd falls withirt 

a specified distance fi.orit the center. of n dn1.k cloud. Emerson has shown that the 

number of I I tAS sources so selectctl falls off as olie gocs towarcis the cdgc of t l ~ e  

clouds i~~lplyirig that they are pli~.sically associated with tlie clouds. 111 other words, 

it is unlikely that there are many gcllnrres in  the selectecl sample. Also, galaxies will 

be far outriuml>ered by galactic objects at tlie lo\\. latitudes of the dark clouds. The  

association with dark cloutls ~iiakes it urilikely that tile sources are galaxies. 



6.3 The Search 

The dark clor~cls are fro111 the S I X  catalog of IIartley c t .  n1.(19SG) We have cliosen 

the distance limit from the center of the cloud to be the mean of the minor and 

major axes of the cloud. Since the analysis does not depend on the distance of the 

source from the celitcr of tlic clouti, this larger area of search than what was used 

by both E~nerson alid I'arker is ~ i o t  a h~irlical,. 011 tlie other halid it takes care of 

errors in the co-ordiliates of the cloud centers a11tl tlie IRAS sources. The search was 

carried out over the R A  range i h r  to Y.:i 1ir alitl tlec range -53' to -30'. The total 

~ i u ~ n i ~ e r  of cloutls i~ivolveti is 1.500. A total of 29-4 IItAS sources ]net a t  least one of 

th; above criteria. hIost of the sources (2.37) ~iiet the fifth criterion. A database of 

the search results was created witti the follo\vil~g i~iforniatiol~: 

1. IRAS source co-ortlinates 

2. associatetl dark cloutl co-ortlinatcs 

3. major and minor axes of the cloud. 

5. the four flux clualities 

This data base is 11sctl for carr!.ilig out the statistical a~ialysis described in tlie 

next section. 

6.4 Analysis 

For eacli M A S  source 111eeti1ig o11c of tlic criteria tve calculate usi~ig plane geo~netry 

the angle 0 sliotv~i in figure 6.1 fro111 

( 
2 2 cos 0 = n - 6 - c ) /26c (6-1)  

where 

n2 = [ ( ~ l n  - a,) cos (6112 + 6,)/212 + (6112 - 6,)' 
2 

(6.2) 

6 = [(a, - a,)  cos (6, + 6,)/212 + (& - 60)2 c l ~ , r l  (6 .3)  

c2 = [ (a ,  - ~ , I z )  cos (6, + 61n)/2l2 + ( A r  - 6 1 n ) ~  (6 .4)  
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Figure 6.1: A schematic diagram showing the scheme for IR.AS sources search. The  

search area is circular with radius equal to the mean of the major and minor ases 

of the cloud. 



r , 
1 lie a~igle  O s i~ i i~ ) ly  rc3prcsc~~its t tic locat io~i  of t lie so~~rcc. i l l  t I I ( >  clotlcl wit11 rcsl~cct 

to  the center of tlie clistribution of tlic ('Cis regartiless of tlic location of the cloud 

itself. If  t,lic YSOs arc locatctl rantlonily tlir011gIio11t fllc dark clotids (with or with- 

out systcriiatic radial tlcI)cticlc~icc), one c . s l ) c ~ t  s n o  del)c~ntlclicc of their distril)ution 

on tlie polar angle in the cloud co-ortlinatc systeni wit11 rcsl~ect to  any reference 

direction. 011 the other liand i f  t l i t l  central processes arc i~iiportant,  one expects 

a clc~)e~itlclicc~ 011 t,lic anglo 0. \\'c siliil)l~. study t l i ( x  tlistril)utio~i of tlic YSOs as a 

function of the al~solute value of 0 witti a coarse binning of 4.5". We have plotted in 

figure 6.2 histogranis of this clistril~utioiis for cloucls of clifferelit sizes taking in each 

cils(' SOII~( . (-S fii l l i~~g wit I I ~ I I  tlifr(ar(~~~t f1i1t.t iolial ar('ils i l l  t I I V  (.IoII(!s. Wr I I ~ I V ( >  s(xstrict,(;d 

this analysis upto a cloucl size of 20'. \\.e sec that i l l  all tliese ranges the clistribution 

peaks towards the side facing the center of the distribution of tlie CGs. In other 

words there seeliis to be a real tc~iclcncj- for the I'SOs to fall on the side facing the 

center. To get a quarit itative estimate for the co~ifidence level of this conclusion we 

adopt a s i~nple  stastical nietliocl as cs~>la i~ icd  in tlic follo\i.ing section. 

6.5 Confidence Level 

We first divide each cloutl into two sc~iii-circles, 011s facing tlie center and the other 

facing away from it. These ~>art i t io~is  corresponcl to tlie ranges O0-90" and 9O0-180" 

in the absolute value of 0 defined previously. \\'e will call t,liese ranges the Sront 

arzd tile back sides. In the case ~ v l i ~ r e  tlic locatio~is of tlic J'SOs are unaifected by 

the central processes, on an average we espect equal nulnber of YSOs in these two 

ranges. The distribution is binomial n-it11 11 = q = 0.5 ant1 17 = total number of 

YSOs. IIerc p alitl q are tlie prohalilitics that all IItAS 1 7 S 0  falls 011 t11c frolit or 

the back side. As nientionetl in section 6.4 t lit. Iiistogra~iis in figure G.2 peak on tlie 

front side (0" - 90°), i.e., there is an asyninictry in tlic distril>ution of YSOs. We 

now ask i f  tlie asy~iinietry seen is sufficient to indicate a (lcviation from p = q = 0.5 

and llerice a central origin. I f  -5: is the riunil)er of I'SOs in tlie first range (0"-90") 

then tlie conficlence level for the hyl~otliesis that the distril>ution is biased towards 

front sicle is eclual to the P(.Y > . r ) ,  tlic area under the distribution curve upto 

x = .Y, wliere .r is the hirio~iiially tlistributecl randoni variable. To get this area 

we approximate tlie bino~nial clistril~ution I)! a norri~nl distribution. This is a good 

appsoxiniation ~vlieli p = O..5 as in our case wit11 I ,  arouncl a few tens (theorem of 
, 7 

1)s hloivre anti 1,al)lac.c: I i rcsc ig  1970). 1 1 1 ~  ~ i i v a ~ i  ancl varianci> of tlie ~iornial 

distribution are p = 7111 = 7112 ant1 a2 = ilpq = ?I/-4. l'licn tlie conficle~lce level is 
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Figure 6.2: Histograms of distribution of IRXS sources in 6, the angle with re- 

spect to the  center (see figure 6.1). Horizontally, the plots are for the effetctive area 

ranges 0-1,O.l-1,0.2-1 and 0.3-1. Vertically the plots are for the mean cloud ranges 

0-5,O-10,O-15 and 0-20 arcminutes. 



Table 6.1 ('or~litlc~~c.rb I,c~vc~ls 

where <P is the asea tlritlcr the riornial distri1)iltiori cirrvc. \I'c liave listed the confi- 

dence values i l l  Table 1 for tile tliffercnt ranges of sizc:s and fractiorial area tncntioned 

earlier. 

size 

arcrliin. 

0- 5 

0-10 

0-15 

0-20 

6.6 Conclusion 

From the above a~ialjsis it appears that there is a real tendency for the YSOs 

to fall on the f ro~l t  side ratlier than the back sitle. The confidence level for this 

conclusion is highest for clouds of sizes 0'-10'. Tliis may be because i11 larger clouds 

the clfccts of exterlial ~ii<:cliariis~iis get stiado\rcd l,y ~iorl~ial  star for~natioli. Even 

among the smaller cloutls it seems that external triggering is ~ i o t  the only metllod of 

star formation. It is to be renlarketl that. [lot all the IRAS sources identified as YSOs 

are necessarily YSOs. Because of the larger searcli area the inclusion of sources not 

physically associatecl with the clouds at all is ~)ossible. But for this confusion the 

confidence level would have bee11 even higher. 
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Chapter 7 

Discussion 



Introduction 

'l'lle rriain results obtai~ied fro111 the study ~>rcse~ltcd in the previous cliapters are 

the following: 

(i) The system of cornctary g1ol)ulcs in tlie Guln Nebula appears to be 

expanding from a comnlon center. The e r y a n s i o n  age is 5 6 Myr. 

(ii) The observed velocity gradients along the tails of tlie globules suggest 

a stretching age for the tails of - 3 hIyr. 

(iii) The mass of a typical globule is - 20 hl, 

(iv) Star fcrmation triggered by external mechanis~ns appears to be going 

on in this region 

In this chapter we discuss several scenarios that may have a bearing on the above 

results. 

The rough agreement between the expansion age and t,he ages of the tails sug- 

gests that both the formation of the tails and the expansion of the globules may 

bi: duc to a C O I ~ I I I ~ O I I  cause. Tlic prcscncc of young stars in this region wit11 esti- 

mated ages ranging from 10"o a few lo6 years may be an important clue. Some 

of these are embedded in the heads of the CGs, while others are isolated. CG1 has 

an eml~eddetl star with age - 10' yrs (Brand ef  01.19S3, Reipurth 1983), and the 

embedded I f t  source CG30IItSJ. in CG30 has a11 age - 10' yrs (Pettersson, 1984). 

The bipolar ~llolecular outflows associated with HH46-47, HH120 and HH56-57 have 

dynamical ages of - lo5 yrs (Olberg ef  01.19SS). As already me~itioned the study of 

the distribution of IHAS sources i~idicatcs that star formation triggered by external 

means is indeed going on in this region. A11 these strongly point to the possibility 

that the processes responsible for the expansion of the glol~ules, as well as their 

cometary appearance, have also triggered star forniation in some of them. The var- 

ious possible mechanisms are ( i )  supernova explosio~i(s), ( i i )  radiation from massive 

stars found in the ceritral region, and ( i i i )  stellar wind from these massive stars. 

Before discussing each of these scenarios it would be useful to have an estimate of 

the kinetic energy of a typical globule a ~ i d  its mornentu~n. Assuming a typical CG 

mass - 20nfQ (see chapter 5 and Harju e f  al. 1990) and an expansion velocity of 

12 klns-', the kinetic energy is - 3 x 10"' ergs per glol~ule, and its momentum - 5 x 10'" gni ~ 1 1 1  S-l. \\'e now proceed to make simple esti~iiates for energy and 

momentum that can be imparted to a glol~ule from each of the processes mentioned 

above. 



7.2.1 Supernova explosioris 

According to prevalent opinion, the Gum Nebula is an old supernova remnant with 

an age N 10' yrs (Reynolds, 19'76; Leahy, Nousek and Garmire 1992). Therefore it 

is natural to ask if the origi~ial explosion that created tlie Gum Nebula could itself 

be responsible for the observed properties of the system of CGs. The energy and 

momentum intercepted by a globule are given by 

where EsNE is the energy of explosio~l of the SNE, Ale ,  is tlie ejected mass and r 

and d are the radius of a globule and its distance from the explosion center a t  the 

time of explosion. Assuming an ejected mass of ShIo, an energy of explosion equal 

to 5 x 1051 ergs, ancl a typical size of 0.5 pc for the CGs, we estimate tha.t a typical 

CG has to be not Inore than a few parsec fr0111 the explosion center in order to. 

intercept sufficient momentum. 

This is a plausil~le scenario l)ut it slioul<l he ~>ointctl out that the center of the 

Gurn Nebula shell is 4.5' ~iorth of the inoi~l)hologicnl c e n t c ~ .  derived from tlie tail 

directions of the CGs. However, we would ~iot, like to over-stress this point because 

of the inherent tlificulties in cleterniining the center of explosion of such an old SNR. 
A riiore serious clifIiculty is the followi~ig: illtliougli tlic origi~lal exl~losion could have 

caused the expansion of the system of CGs and the observed tail structures, the 

preserltly observed ionised I~riglit rinis callnot 1)e attril>utctl to it, as arguecl before 

in chapter 4 in a siltiilar context, viz., t ha t  the l>rigiit rillis llave a recombination 

time scale -. 1000 years ancl so cannot sur~.ive for 10' years. 

7.2.2 Radiation pressure 

The ~riost massive star i l l  tllc region is < Pup ( 0  If)ancl therefore is the rriost signifi- 

cant source of pl~oto~is  for cxc~rt,i~ig radiatio~i prcssurc. Its lu~i~i~ios i ty  is 9 x lo5 Lo 

(Bohannan ef nl. 1986). hloclels suggest that this star may have just finislied or 

is in the final stages of core Iiytlrogcn I)lir~iing. Its ZARIS mass is believed to be 
, 7 - 60 M(:,. 1 his i111l)lic.s t h a t  i I ' I I ~  is a fmv 111ilIio11 a s  011. It is r(~as01iaI~1~ to 

assume tliat its average luniinosity over the past few million years was the same as 

its present luminosity. The CC; closest to < Pup is at a distance of 40 pc from it. 



a globrile a~icl its clistarice fro111 tlic star rcsI)~~ctivcIj.. '1'11~ stellar wind fro111 ( Pup 

lias a ter~iiinal velocity of 2600 k11is-' a~itl  tlic Illass loss rate is 5 x  lo-' MMoyr-' 

(Bohannan e t  nl. 1986). \\'e estimate the energy and ~nomentum intercepted by a 

typical globule from the wind from ( Pup to be - 6 x 10" ergs and - gm CIIIS-~ ,  

respectively, over G rnillio~i Scars. Stellar \vir i t l  fro111 y2 Vcl and tlie co~ril)atiion of 

C Pup will increase these ~iurnbers hy a factor of four, and the ~nomentum available 

will still be less by an ostler of rnagnitucle (even given the assurrled 100% efficiency 

of co~ivcrsioii of tlic stellar wi~itl ~iio~iicritu~ii to clo~id ~ i ior l ie~i t i~~i i ) .  

7.2.4 Rocket effect 

Finally, we consider the rocket effect \vliich results fro111 tlie anisotropic expa~lsion 

of the hot ionised gas from tlie bright rinis. \\'hen a neutral cloud is exposed to  

ionising radiatiori fro111 a star, ari ionisation front is tlrive~i into tlie cloutl. The  

ionised hydrogen produced 011 the side of the cloud facing the star is a t  a much 

higher pressure than the gas outside because of its high density. This gas then 

expa~lds towarcls the star forming a dense cloud of ionised gas between star and 

the cloud. Ivlaking the si~n~>lifying assuniption that tliis gas expands into vacuum, 

the expansion velocity will be close to the velocity of sound in the ionised region. 

It is this expancling layer of gas tliat is see11 as tlie bright rim. The  effect of tliis 

streanling of gas i11 the bright rim produces a recoil on the cloud accelerating it away 

from the star. I t  also leads to evaporation of the cloud. This process has been called 

the rocket effect and was f rst proposed l)y Oort and Spit,zer(1955) for accelerating 

i~iterstellar cloutls. 

We estimate helow the velocity tliat tlie C'Gs can acquire as a result of sucli 

a rocket effect. 'I'lic te11ll)craturc and density at tlic briglit rim of CG30 has been 

measured by Pettersson(l984) to l>e - 10'Ii and -100c1li-~. Iteipurth(l983) has 

estimated that C Pup alone can easily account for the observed io~lisation level 

( 1 2 ,  - 100 c ~ n - ~ )  at  the bright rims. lrsi~ig rnass loss rates of - 9 x  Moyr-' 

as derived by lleil>urtli(l983), aritl all esl>arisiori vclocity of tlie hot gas -10 k~ns- '  

(velocity of sound in tlie bright rilii). we estiniate the total nionlent~um accluired by 

a typical globule due to the rocket effect operati~ig for 6 million years to  be - 
gni cms-I. This slioultl l)e co~lil)arccl \\.it11 tlie rcclriired ~iio~iie~iturii  - 5 x 10"' gm 

cms-'. If we inclucle the forrner co~npa~lion of ( I'up. 1 2  Lrel and the otlier B stars, 

the clouds can be easily acceleratecl to t lie ol)ser\.ed vel~cit~ies even wi tli larger initial 

masses. Fro111 tlic a l~ovc cliscrissio~i i t  apl)cars tliat t lie only plausil~le ~ncclianism 

which can explai~i Goth tlie I~riglit ri~iis a~itl  tlie expansion velocities is the heating 

causetl I>y ratliatioli (ant1 possil)l!. stcllar wiritl) fro111 the stars in tlie cent,ral region, 



and the consequent rocket effect. We have not yet attempted to  explain the tail 

structures. It is conceivable that a part of the expanding ionised gas will b e  swept 

back by the radiation and stellar wind from the central stars forming the tail. This 

flow should also entrain some neutral material to account for the CO emission from 

the tails. The  ionisation front may also dislodge neutral material from the periphery 

of the globule (as compared to the center of the globule, where a large column of 

gas is present) which can then flow along the tail. In larger globules shadowing by 

the head may be important. We hope to investigate this in detail in the near future. 

We wish to mention in passing that Bertoldi and McKee(1990) have shown that 

UV radiation and stellar wind can result in molecular clouds developing tail-like 

structures. 

7.3 The proper motion of Pup 

The star < Pu11 is very relnarkable from several view points. First of all, it is a very 

rnassive star. It is tlie most lunnilious star in thc soutlier~i sky. It has a large proper 

motion of .O:l:Iv (-0.031" in cr and 0.012" i l l  S)(SAO star catalog 1966), trarislatilig to 

a tralisvcrsc vc;locity of 74.3 klns-I at tlic assllrticxl 4.50 pc (1ista.ricc. It was proposctd 

very early that C Pup must, I)c a r ~ ~ n a ~ u n y  s t r ~ r  resl~ltirig from tlie explosion of its 

binary companion (Reynoltls 19i'G). It was also suggcstc~l tliat the Gum S e l ~ u l a  is 

the remnant of this explosion. If, incleed, (' Pup is a runaway star. its companion 

which exploded must have been   no re massive to have evolved faster to  explode first. 

Also, i f  the explosion is spherically synlmetric then the binary will tlisrlipt only i f  

the mass ejected is greater than half the total mass. This means that tlie companion 

of < Pup must have been the more massive star even at the time of explosion. This 

suggests that the region where we now find the CGs there were atleast five massive 

stars a million years back (including the progenitor of the Vela pulsar and Vel). 

We have shown in figure 7.1, the proper motion of < Pup and its past trajectory. 

The path passes very close to the morphological center of the system of CGs. As can 

be seen it was closest to the center half a million years back. We suggest that  this is 

the original site of the binary whose disruption resulted in the present large proper 

motion of < Pup. It is possible that the Vela progenitor, the proposed < Pup  binary 

and -y2 Vel are all part of the Vela OB3 association found by Brandt et.  a1.(1971). 

Such a scheme naturally accounts for the lack of any object of significance near the 

center at present. The C Pup binary would have been the dominant object in the 

region causing most of the tails which have grown over a few million years t o  point 

away from it . 



Figure 7.1: Diagram showing the proper motion of C Pup extrapolated back in time. 

The past trajectory is graduated in millions of years. The star would have been close 

to the morpohological center half a million years back. 



As we have already mentioned the bright rims of the of the CGs are short lived 

and therefore should reflect the effects of the changing position of ( Pup. An exam- 

ination of the orientation of the bright rim of CG 31A the CG closest to  ( Pup (in 

projection) shows that this indeed is the case. This is shown in figure 7.2 where the 

CG 30-31 complex is shown with the directions to ( Pup and the center marked. 

The bright rim is normal to the vector pointing to ( Pup whereas the tail is along 

the direction to the center. 

The Gum Nebula 

Based on the above discussio~i we propose the followi~ig qualitative model for the 

Gum Nebula. We have shown in figure 7.3 tlie region including the H a  emission 

regions collectively called tlie Gum Nebula. The region to the south is more intense 

in H a  and tlie CGs are distributed over this region. The location of the original 

< Pup binary is in the southern part of tlie Gum Neblila. We propose that  this 

region of cnhalicetl IIa oltiission is tlie remnant of the explosion of tlie co~ilpanion of 

( P u p  (the two nortlicrli fil:ii~ients may be also co~incctccl with this explosion; but 

this woul(l reqliirc a liiglily asynn~nctric exl~a~is io~i  of tlie SNIt). This picture car1 1)e 

tested by thc an;ilysis of tlic ra(lia.1 v~locities of the IIa filaments with respect to  the 

centel.. On(. n~iglit, also look for soft X-ray cmissioli from the interior of the remnant 

which shoultl be restrictctl to tlit. so~itlicrn part. Thcre is already an indication that 

this may l)e the case from tlic IIEAO X-ray data (Leahy, Nolisek and Garmire 1992). 

This study is incomplete as the coverage of the nebula is poor. Data from ROSAT 

should definitely throw much light on this picture. 

CVe propose the following picture for the Gum-Vela region: The  stars < Pup, 

its past companion, the progenitor of the Vela pulsar/SNR, the binary y2 Vel, all 

formed around the same time, a few million years ago, from the same molecular 

cloud, and were part of the Vela OBR association. The parent molecular cloud 

from which these stars formed was-slowly evaporated away by the UV radiation 

and stellar winds from these stars. The denser regions in this molecular cloud were 

not destroyed completely, although they lost a significant part of their original mass 

due to the harsh environment. These surviving pieces of the original molecular 

cloud may be what are now seen as the cometary globules. About half a million 

years ago the companion of ( Pup exploded whose ejecta and swept up material 

is probably what is seen in H a  in the Gum Nebula. The ionisation in the nebula 

is now maintained by the other stars in the region. This explosion resulted in the 

disruption of the binary giving ( Pup its large proper motion.The expansion of the 



system of cometary globules is largely caused by the rocket effect and the tails are 

partly the ablated material flowing down-stream. The effect of the UV radiation, 

stellar winds and the SN shock compressed the clouds leading to star formation as 

evidenced by the IRAS sources. 



IP 

morphological center 
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C Puppis 

Figure 7.2: The orientation of the bright rim of CG3lA with respect to the tail 

directions in this region. The directions to C Puppis and the morphological center 

are marked. The tails point away from the morphological center whereas the bri& 

rim is perpendicular to the direction to ( Puppis. n 



Galactic Longitude 

Figure 7.3: Overall picture of the Gum-Vela region showing the H, emission as 

solid lines, the CGs as filled circles with tails (scaled up 10 times for clarity), the 

morphological center derived from the tails and other important objects in the re- 

gion. The locations of objects shown are approximate (adapted from Pet tersson 

1991). 
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Appendix A 

In this appendix we derive formulae for obtaining the physical parameters of a 

molecular cloud from the observed .J=l+O tra~isition lines of 12C0 and 13C0. We 

basically follow the procedure outlinecl by Dickman(l97S). 

The assumptioris made in tlie clerivatio~i are: (1) Tlie excitation te~nperature of 

tlle .J= 1-0 transition is co~istalit alo~ig tlie line of siglit. (2 )  Both 12C0 and 13C0 

Ilavc the sarrle excitation te~iiperatr~res for tllc .J= 1 4 0  transition and this temper- 

ature is equal to the kinetic tcml)crature of the gas. (:]) Tlic J=1+0 transition of 

12C0 is optically thick. 

Tlie specific intensity ol>tail~c<l ilftcr I ) i i ~ k g r o ~ ~ l d  s111)t.raction and calibration is 

given hy 

1, = [B,(Trz) - &(Tbg)] (1  - e-Tu) 

The measured line tcniperature after all corrections is related, bydefinition. to I, as 

Iieeping in mind that at 11.5 GHz 11.u << kT is not valid and using Tbg=2.'71i, the 

cosmic microwave background radiation temperature, one gets from equations A.1 

and A.2, 

Ti = [J,(T,,) - J,(2.7)] (1 - e-'“) (A.3) 

where J,(T) = T , / ( ~ ~ ~ I ~  - 1) and T, = hulk. We derive below, the formulae for 

various physical parameters. 

A . l  Temperature 

For the optically thick line center of the 12C0 line, A.3 reduces to 

T i  = TLp = Jv(Tez) - J"(2.7) (A.4) 



where TL, is the peak line temperature. Putting in numbers, we get, with the 

assumption that Te, = Tkin, 

A.2 Optical Depth 

Assuming the excitation temperature for 13C0 to be same as that for 12C0 we derive 

from A.3 and A.5 

where TI3 is tlie T i  measured for 13C0. 

A.3 Column Density 

We can relate tllc optical tlcptti to tlic coluln~i dcrisiticts of rnolccules No and n/l in 

the J=O alitl .J=l rotatio~lal states rcspectivcly as 

where Bol and Blo are the Einstcirl's co-cfficients and 4, is the line profile function 

satisfying the condition J$u41u = 1. Using 

and .-. 

and integrating over the line, we obtain 

The total column density ~ \ / 1 ~  of 13C0 including all levels is obtained using the 

partition function Q for linear molecules (Dickman 197S), 



With  Alo = 7.4 x s-l one gets 

where we have used J r V d v  = ( v / c )  J  r,dv. 

Dickman, R.L., 19 '8 ,  i l p .  J. Suyyl., 37, 407. 


