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T H E B E L L L A B O R A T O R I E S C O S U R V E Y : S T A R F O R M A T I O N IN S P I R A L A R M S 

A . A . S t a r k , J . B a l l y , G . R . K n a p p , A . K r a h n e r t , 
A . A . P e n z i a s , and R . W . Wi lson 
A T & T B e l l L a b o r a t o r i e s 
Crawford Hill L a b o r a t o r y 
Holmdel , N J 0 7 7 3 3 
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A B S T R A C T . W e p re sen t a ga lac t ic survey which t o da t e cons i s t s of 4 7 , 0 0 0 pos i t ions 
cover ing -3 0 < / < 122 0 , -1 0 < 6 < 1 ° , observed in the J = 1 - + 0 l ine o f 1 3 C O to an rms 
noise level o f 0 . 1 5 K in 0 . 6 8 k m s - 1 channe l s , using t h e 7 m a n t e n n a a t Crawford Hill . M a p s 
made from t h e survey d a t a show a c lear difference be tween spira l a rm and i n t e r a r m regions . 
T h e s igna tu re o f sp i ra l s t r u c t u r e on ki loparsec scales is the p resence in ga lac t ic survey d a t a 
o f voids in / , 6 , v s pace which con ta in m a n y t imes fewer G i a n t Mo lecu l a r Clouds ( G M C s ) 
t h a n do a d j a c e n t regions o f s imi la r size. T h e difference be tween a r m and i n t e r a r m regions 
in t he inner ga laxy is man i fes ted only in t h e G M C s — smal l c louds are presen t t h r o u g h o u t . 
T h e s e resul t s are based on ca ta logs o f clouds and t h e i r e s t ima ted sizes in 1 3 C O . W e sugges t 
t h a t G M C s are formed as in t e r s t e l l a r gas en te rs a spiral a rm, and t h a t t h e y b reak up in to 
smal l molecu la r o r a t o m i c c louds as t h e gas leaves t h e a rm. 

T h e 7 m e t e r a n t e n n a a t A T & T B e l l L a b o r a t o r i e s , Crawford Hill is be ing used to m a k e 
a C O survey o f t h e G a l a x y ( S t a r k 1 9 7 9 , 1 9 8 3 , K n a p p , S t a r k and Wi l son 1 9 8 5 ) . A b o u t 1 / 5 
o f the survey has now been comple t ed , and in th i s t a l k we discuss a p re l iminary resu l t : we 
show t h a t G i a n t M o l e c u l a r Clouds ( G M C s ) are a b s e n t from some p a r t s of the survey . W e 
suggest t h a t t h e voids in t h e G M C dis t r ibu t ion are t h e regions be tween t h e spiral a r m s of 
our ga laxy . T h e s e i n t e r a r m regions are no t e m p t y o f molecu la r ma te r i a l , b u t con ta in m a n y 
smal l c louds . 

T h e B e l l L a b s survey was designed t o resolve and d e t e c t c louds o f a b o u t 1 0 3 M Q or 
bigger , anywhere in t h e ga laxy . T h e pa rame te r s o f t h e survey a re : 

1. B o t h 1 2 C O and 1 3 C O are observed . W e have found t h a t the 1 3 C O d a t a are 
s igni f icant ly dif ferent f rom the 1 2 C O in the ga lac t ic c e n t e r region and towards G i a n t 
M o l e c u l a r C louds , and t h a t t h e 1 3 C O d a t a is easier t o i n t e r p r e t ( S t a r k , P e n z i a s and 
B e c k m a n 1 9 8 3 ) . W e have therefore c o n c e n t r a t e d on 1 3 C O . 

2 . Sens i t i v i t y — 0 . 1 5 K r m s in 0 . 68 k m s " 1 channe l s for 1 3 C O , 0 .3 K rms in 0 .65 k m s " 1 

channe l s for 1 2 C O . T h e cen te r s of resolved molecu la r c louds are a lmos t a lways more 
t h a n th ree t i m e s b r i g h t e r t h a n these noise levels . T h e b r igh t e s t po in t s are abou t 10 K 
in 1 3 C O and a b o u t 2 0 K in 1 2 C O . 

3. Coverage — t h e region covered so far is - 5 ° < / < 1 2 2 ° , - 0 . 5 ° < 6 < 0 . 5 ° . 
E v e n t u a l l y , t h e survey will be ex tended t o h igher l a t i tudes . 

4 . S a m p l i n g — all o f a 6 ' grid has been observed , and mos t o f a 3 ' square grid is 
comple t e . I t m a y be poss ible to fully sample the survey wi th our 1/7 b e a m . 
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F i g u r e 1. C o n t o u r maps o f 1 3 C O in t eg ra t ed b r igh tness from t h e B e l l L a b o r a t o r i e s C O 
Su rvey ( S t a r k 1 9 8 3 ) . E a c h map covers / = 27 !5 t o 37 ! 5 , b = - 0 ! 5 t o 0 ! 5 . T h e map a t 
top is c en t e r ed a t v = 9 7 . 5 k m s"*1, and each successive map is a t 5 k m s - 1 lower ve loc i ty . 
C o n t o u r levels are spaced a t 0 .5 K k m s - 1 in te rva l s . No te t h e a b s e n c e o f G M C s a t / = 3 0 " , 
v = 6 5 k m s " 1 and / = 3 6 ° , v = 9 0 k m s - 1 . 
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5. Ca l i b r a t ed wi th in 5 % of abso lu te t e m p e r a t u r e sca le , us ing ca l ib ra t ion loads and 
s t a n d a r d sources . 

6 . A c c u r a t e b e a m p a t t e r n — t h e Gauss ian cen t ra l lobe con ta in s £ 87% of the a n t e n n a 
response; less t h a n 5 % of t h e response is from M i l k y W a y emiss ion no t in t he cen t r a l 
lobe . 

S o far, we have co l lec ted 4 7 , 0 0 0 1 3 C O spec t r a . W e can co l lec t a b o u t 2 0 0 0 s p e c t r a per day 
on cold, c lear win te r days . T h e full survey is p lanned t o c o n t a i n more than a quar te r -
mil l ion s p e c t r a . 

G a l a c t i c survey d a t a is a s ca l a r funct ion of th ree d imens ions : ga l ac t i c coord ina tes , / 
and 6 , and radial ve loc i ty , v. G M C s can be recognized and loca t ed in th i s space . A G M C 
is a « 5 0 pc region, e m i t t i n g a peak C O line a n t e n n a t e m p e r a t u r e in excess of a few degrees 
K , where t h e l ine ve loc i ty does n o t vary more t han a few k m s " 1 . I t is possible t o m a k e a 
comple t e ca t a log o f all G M C s in a reas o f t h e s k y covered b y t h e su rvey . W h e n th is is done , 
i t is found t h a t t he r e ex is t large voids, con ta in ing few or n o G M C s ( S t a r k 1 9 7 9 , 1 9 8 3 ) . 
T h e s e voids are a lso seen in t he C o l u m b i a Univers i ty su rvey (Cohen et al. 1 9 8 0 ) . T h e voids 
are a t veloci t ies t h a t are p e r m i t t e d by galac t ic ro ta t ion , so t h a t t h e y would be popula ted by 
G M C s i f t h e G M C s were uni formly d i s t r ibu ted in space and r o t a t i n g in c i rcu la r o rb i t s ; t hey 
should con ta in n u m b e r s o f G M C s comparab le to a d j a c e n t regions o f s imi la r size, b u t t hey 
do no t . Low mass molecu la r c louds are present t h roughou t t he voids and the a d j a c e n t 
regions . T h e s e low mass c louds a re usual ly no t de t ec t ed in t h e C o l u m b i a survey, because o f 
i ts grea ter noise level and larger b e a m area . 

F igu re 1 shows a smal l sec t ion o f the survey, cover ing ma te r i a l a b o u t 5 kpc from the 
ga lac t i c cen te r , be tween / = 27 !5 and 37 !5 . T h i s is t he peak of t h e Molecu l a r R i n g , t he 
loca l m a x i m u m in t h e dens i ty o f molecules outs ide t h e ga lac t i c c e n t e r (So lomon and 
S a n d e r s 1 9 8 0 ) . In th i s f igure, 1 0 cor responds t o abou t 1 0 0 pc , and t h e var ious maps are 
sepa ra t ed by 5 k m s - 1 i n t e rva l s , so a G M C will appear in one or two maps , and and will 
appea r abou t 0*3 in l inear s ize, poss ibly with an ou te r envelope ex tend ing beyond 0.°5. 
T h e r e are over t w e n t y G M C s nea r t he t a n g e n t poin t o f t h e s c u t u m a rm a t / = 3 1 0 , v = 95 
k m s - 1 , while an a d j a c e n t region of comparab le size n e a r / = 3 1 ° , v = 6 5 k m s - 1 has 
none . T h e r e are n u m e r o u s smal l c louds, less t h a n 10 pc across and < 1 0 4 5 M Q , in t h e 
i n t e r a r m region a t / = 3 1 0 , v = 6 5 k m s _ 1 . T h e pos i t ion / = 3 6 6 , v — 92 .5 k m s _ 1 is a 
p e r m i t t e d ve loc i ty s l ight ly less t h a n t h e t a n g e n t ve loc i ty a t t h a t longi tude , so i t should be a 
region in / , v space where t he re is cons iderable ve loc i ty crowding. Never the less , t he re are 
no G M C s n e a r th i s pos i t ion . C o m p a r e th is region t o / = 3 3 ° , v = 9 2 . 5 k m s _ 1 , where t he re 
are s ix nea rby G M C s . 

T h e voids exis t because G M C s are c o n c e n t r a t e d in the spi ra l a rms , and they are on 
non-c i rcu la r o rb i t s . T h e c o n t r a s t be tween the voids and the i r su r roundings is so grea t t h a t 
pure ly k i n e m a t i c exp l ana t i ons c a n n o t apply . C O surveys differ in th i s respec t from H i 
surveys . B u r t o n ( 1 9 7 0 ) has po in ted ou t t h a t the / , b, v s t r u c t u r e o f H i surveys can be 
expla ined by a un i form spa t i a l d i s t r ibu t ion of gas wi th appropr i a t e choice o f s t r e a m i n g 
veloc i t ies ; however , t h e t h e a r m - i n t e r a r m con t r a s t in Hi m u c h less t h a n t h a t o f t he G M C s , 
so th i s possible exp lana t ion does no t apply t o G M C s . T h e voids in t h e G M C s mus t be 
severa l square k i loparsecs in size, looking down on t h e disk o f t h e ga laxy, and mapp ing 
ve loc i ty in to d i s t ance b y t h e ga lac t i c ro ta t ion law. S i n c e G M C s are n o t p resen t in i n t e r a r m 
regions , t he i r l i fe t imes m u s t be less t h a n t h e t ime it t a k e s gas t o cross an a rm, a b o u t 1 0 0 
mil l ion yea r s . I f G M C s bui ld up in less t han th is t i m e , say 3 0 mill ion years , the only 
p laus ib le source o f ma te r i a l is t h e smal l molecular c louds found t h r o u g h o u t t he i n t e r a r m 
regions . Indeed , some G M C s appea r to be loose assoc ia t ions o f sma l l e r c louds (B l i t z and 
S t a r k 1 9 8 6 ) . K i n e m a t i c evidence suggests t h a t G M C s are formed b y agg lomera t ion of sma l l 
c louds ( S t a r k 1 9 8 3 ) . 
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Giant Molecular Clouds play an important role in spiral structure. The external 
manifestations of spiral structure in galaxies, namely dust lanes, young stars, and gas, are 
different aspects of G M C s and the star formation processes within them. G M C s are 
strongly concentrated in the spiral arms of other galaxies. In the Milky Way, it is 
impossible to be sure where the spiral arms are, because of our peculiar perspective, but 
G M C s are concentrated in some regions, and absent in others. These voids are the 
signature of spiral structure in the Milky Way. 
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KUTNER: I believe what you are saying, but there are some who contend 
that you cannot interpret holes in 1-v space as representing holes 
in 2-dimensional space because of streaming effects. Could you comment 
on that? 

STARK: The contrast in Giant Molecular Clouds between the arms and the 
interarm regions is very large some large values of l,b,v, space 
have no GMC's. I think this contrast is too large to be explained 
by streaming. Also, if there is streaming (i.e. divergence in the 
fluid flow) then there must be density enhancements. 

ELMEGREEN: The term "giant molecular clouds" has often been applied to 
Orion-type clouds which have a mass of approximately 1 0 5 M@. Such 
clouds, and clouds of lower mass too, seem to occur in both the arm 
and interarm regions of galaxies. The tcUigQA clouds in the spiral 
arms should have a different name, such as "superclouds", to avoid 
confussion. These larger clouds have masses of 10 6 - 1 0 7 M Q . Then 
your statement that density waves trigger the formation of "giant 
molecular clouds" would not be misinterpreted as a triggering of 
Orion type clouds. Spiral density waves seem to trigger only the 
formation of "superclouds", possibly by the gravitationally-driven 
coagulation of Orion-type and smaller clouds. 

STARK: In these voids , there are no clouds quite as large as the 
Orion Molecular Cloud. There certainly are "spiral arm spurs" be
tween the arms: the arms in our galaxy are not regular. There are 
Orion-sized clouds between the arms. My point is that there are large 
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regions which do not contain even small GMC 1s like the Orion molecular 
cloud. I agree that the very large Giant Molecular Cloud Complexes in 
the spiral arms are probably formed by agglomeration of Orion-sized 
GMC Ts and smaller clouds. 

GORDON: Is it still true that the newer, more sensitive CO surveys 
still do not show much material between 2 and 4 kpc from the nucleus? 
If so, cannot this be an effect due to the inability of a density 
wave to penetrate a resonance radius at 4 kpc? 

STARK: Yes, it is still true that there are only a few molecular clouds 
between 2 and 4 kpc, and yes, there may be a large-scale dynamical 
reason, as you have suggested. 

GIANT MOLECULAR CLOUDS IN THE GALAXY: THE MASSACHUSETTS-STONY BROOK CO 
GALACTIC PLANE SURVEY 

P.M. Solomon 
State University of New York, Stony Brook, USA 

The CO Galactic Plane Survey consists of 40,572 spectral line ob
servations in the region between' 1 = 8° to 90° and b = -1?05 to +1°05 
spaced every 3 arc minutes, carried out with the FCRAO 14-m antenna. 
The velocity coverage from -100 to +200 km/s includes emission from all 
galactic radii. This high resolution survey was designed to observe 
and identify essentially all molecular clouds or cloud components larger 
than 10 parsecs in the inner galaxy. There are two populations of 
molecular clouds which separate according to temperature. The warm 
clouds are closely associated with HII regions, exhibit a non-axisym-
metric galactic distribution and are a spiral arm population. The cold 
clouds are a disk population, are not confined to any patterns in 
longitude-velocity space and must be widespread in the galaxy both in 
and out of spiral arms. The correlation between far infrared luminosi
ties from IRAS, and molecular masses from CO is utilized to determine 
a luminosity to mass ratio for the clouds. A face-on picture of the 
galaxy locating the warm population is presented, showing ring like or 
spiral arm features at R ^ 5, 7.5 and 9 kpc. The cloud size and mass 
spectrum will be discussed and evidence presented showing the presence 
of clusters of giant molecular clouds with masses of 10 6 to 1 0 7 M@. The 
two populations of clouds probably have different star forming luminosi
ty functions. The implication of the two populations for star formation 
mechanisms will be discussed. 
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