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T h e or ig in of dwarf or low m a s s s tars is o n e of t h e m o s t in teres t ing a n d 
cha l l eng ing p r o b l e m s of m o d e r n as trophys i c s . In recent years a d v a n c e s 
in observat iona l t e c h n o l o g y part icular ly at infrared a n d mi l l imeter w a v e -
l e n g t h s , h a v e p r o d u c e d an ava lanche of revea l ing n e w d a t a , u n e x p e c t e d 
discover ies a n d n e w mys ter i e s a b o u t t h e process of s tar format ion . F r o m 
t h i s n e w k n o w l e d g e a c o m p l e t e empir ica l p ic ture of s te l lar origins is b e -
ing s y n t h e s i z e d a n d a m o r e profound a n d p e n e t r a t i n g u n d e r s t a n d i n g 
of t h e phys i ca l process of s tar format ion in our g a l a x y is b e g i n n i n g t o 
e m e r g e . It is n o w a p p a r e n t , for e x a m p l e , t h a t energet ic b ipo lar o u t -
flows are a f u n d a m e n t a l a spec t of t h e format ion of low m a s s s tars a n d 
u n d e r s t a n d i n g h o w a s tar can form b y t h e act of e ject ing m a s s m a y b e 
t h e key t o un lock ing t h e secrets of ste l lar genes i s . 

1 . I N T R O D U C T I O N 

Stars are t h e bas ic objec t s of t h e un iverse . U n d e r s t a n d i n g h o w t h e y form from 
interste l lar c louds of gas a n d d u s t is o n e of t h e m o s t f u n d a m e n t a l u n s o l v e d prob-
l e m s of m o d e r n as trophys i c s . Of course , part icular interest is e v o k e d in a t t e m p t s 
t o dec ipher t h e origins of dwarf or low m a s s s tars , l ike t h e s u n , w h i c h are t h e m o s t 
p o p u l o u s s tars in t h e ga laxy . Indeed , m o s t s tars w h i c h form from interste l lar c louds 
are p r o b a b l y leas m a s s i v e t h a n t h e s u n . H o w e v e r , s t u d y i n g t h e f o r m a t i o n a n d early 
e v o l u t i o n of s tars h a s turned o u t t o b e a formidable cha l l enge for a s t r o n o m e r s . 
T h i s is b e c a u s e s tars are b o r n w i t h i n t h e d u s t e n s h r o u d e d cores of g iant molecu lar 
c l o u d s . Here n e w l y forming s tars (protostars) are rendered c o m p l e t e l y invis ible 
b y t h e o b s c u r a t i o n prov ided b y t h e v i sua l ly o p a q u e d u s t w h i c h p e r m e a t e s t h e s e 
c l o u d s . M o r e o v e r , t h e molecu lar gas w h i c h forms s tars is e x t r e m e l y co ld ( i .e . , 1 0 -
2 0 K e l v i n s ) a n d can on ly b e observed at mi l l imeter a n d s u b m i l l i m e t e r w a v e l e n g t h s , 
spec tra l w i n d o w s n o t o p e n e d b y radio a s t ronomers unt i l t h e 1970s . A s a resul t of 
t h e s e fac t s , t h e s tar format ion process is ve i l ed from direct o b s e r v a t i o n at v i sua l 
w a v e l e n g t h s a n d t h e c lass ical too l s of opt ica l a s t r o n o m y are ineffective probes of 
reg ions w h e r e s tars are be ing formed. O n t h e o ther h a n d , a l t h o u g h d u s t effectively 
absorbs v i s ib le l ight e m i t t e d b y bur ied s tars a n d pro tos tars , th i s a b s o r b e d l ight 
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h e a t s u p t h e ini t ia l ly very co ld d u s t a n d is e v e n t u a l l y re -radiated at longer ( in-
frared) w a v e l e n g t h s a n d e scapes t h e c loud . Consequent ly , it is pos s ib l e t o d irect ly 
p r o b e s tar forming reg ions w i t h observat ions m a d e at infrared (and mi l l imeter ) 
w a v e l e n g t h s . Indeed , t o t e s t e v e n t h e m o s t bas ic h y p o t h e s e s concern ing ste l lar ori-
g i n s requires t h e acquis i t ion of s u c h long w a v e l e n g t h empir ica l d a t a . For t h e m o s t 
part th i s h a s o n l y b e e n technolog ica l ly poss ib le dur ing t h e last t w o d e c a d e s . T h e 
direct i n v e s t i g a t i o n of t h e s tar format ion p r o b l e m is , therefore, a re lat ive ly recent 
d e v e l o p m e n t of a s t ronomica l sc ience . 

D u r i n g th i s t i m e cons iderable progress t o w a r d u n d e r s t a n d i n g t h e phys i ca l 
process of s te l lar f o r m a t i o n h a s b e e n ach ieved . In part icular , dur ing t h e last 5 
years f u n d a m e n t a l a d v a n c e s in our k n o w l e d g e of low m a s s s tar f o r m a t i o n h a s t a k e n 
p lace . D w a r f or l ow m a s s s tars ( i .e . , M < 3 M © ) prov ide i m p o r t a n t a d v a n t a g e s 
for s tar f o r m a t i o n inves t iga t ions . For s u c h s tars t h e K e l v i n - H e l m h o l t z c o n t r a c t i o n 
t i m e is cons iderab ly greater t h a n t h e free-fall t i m e of t h e g a s e o u s cores f rom w h i c h 
t h e y form. Therefore , t h e s e s tars emerge from their d u s t y e m b r y o n i c w o m b s before 
t h e y b e g i n t o b u r n h y d r o g e n in their cores , t h a t i s , wel l before t h e y h a v e r e a c h e d 
t h e m a i n s equence . T h u s t h e s e s tars can b e observed e v e n in t h e opt ica l reg ion of 
t h e s p e c t r u m w h i l e st i l l in their ( late) format ive s t a g e s . Moreover , dwarf s tars c a n 
f o r m in i so la t ion a n d axe m u c h less des truc t ive of their n a t a l e n v i r o n m e n t s t h a n 
m a s s i v e s tars . O n t h e o ther h a n d , dwarf s tars are m u c h fainter t h a n h i g h m a s s 
s tars a n d c a n o n l y b e pract ica l ly s t u d i e d in nearby molecu lar c louds w i t h t h e m o s t 
s ens i t i ve i n s t r u m e n t s . In th i s paper I wil l rev iew s o m e of t h e m o r e in teres t ing n e w 
findings concern ing low m a s s s tar format ion t h a t h a v e b e e n o b t a i n e d as a resul t of 
b o t h n e w observa t ions at infrared a n d mi l l imeter w a v e l e n g t h s a n d t h e d e v e l o p m e n t 
of n e w theoret ica l ins ights concern ing th i s p r o b l e m . 

2 . S I T E S O F L O W M A S S S T A R F O R M A T I O N 

2 . 1 G M C s a n d O B A s s o c i a t i o n s 

In t h e current e p o c h of ga lact ic h i s tory t h e vas t major i ty of s tars , b o t h low 
a n d h i g h m a s s , f orm in g iant molecu lar c louds ( G M C s ) . W i t h e x t e n t s o n t h e order 
of 100 parsecs a n d m a s s e s of ten in excess of 10° M © , G M C s are t h e largest objec t s 
in t h e g a l a x y a n d rival g lobular c lusters as t h e m o s t m a s s i v e objec t s in t h e M i l k y 
Way. G M C s are c learly local ized objects in t h e interstel lar m e d i u m . T h e y h a v e 
we l l def ined b o u n d a r i e s a n d are gravi t at ional ly b o u n d , t h a t is t h e y are s y s t e m s 
w i t h n e g a t i v e t o t a l energy. The statement that stars form in GMCs is equivalent to 
the statement that stars form in groups or associations. It h a s long b e e n s u s p e c t e d 
t h a t m o s t s tars formed in t h e g a l a x y b e g a n their l ives as m e m b e r s of a s soc ia t ions 
(e .g . , R o b e r t s 1 9 5 7 ) . O B a n d Τ assoc ia t ions ex i s t b e c a u s e s tars form in spat ia l ly 
conf ined parenta l c l o u d s . T h e ques t ion of t h e orig in of s te l lar a s soc ia t ions is in 
real i ty a q u e s t i o n of t h e orig in a n d e v o l u t i o n of G M C s . O B as soc ia t ions are formed 
w h e n m a s s i v e s tars w h i c h form in a G M C erode , d i s s ipate a n d d i srupt t h e c l o u d , 
l eav ing b e h i n d t h e s tars w h i c h formed dur ing t h e c loud's l i fet ime. O n c e t h e gas 
h a s b e e n c leared a n d r e m o v e d b y t h e Ο s tars , t h e r e m a i n i n g ste l lar a s soc ia t ion 
b e c o m e s a fossil record of t h e original G M C (e .g . , Duerr , Imhoff a n d L a d a 1982) . 
O B as soc ia t ions a n d Τ assoc ia t ions h a v e often b e e n t h o u g h t of as b e i n g p h y s i c a l l y 
different t y p e s of s te l lar aggregates . B u t th i s is largely d u e t o observat iona l s e l ec t ion 
effects. S ince b o t h h i g h m a s s a n d low m a s s s tars p r e d o m i n a t e l y form in G M C s , 
G M C s u l t i m a t e l y p r o d u c e stel lar as soc ia t ions w h i c h c o n t a i n a m i x t u r e of b o t h O B 
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and Τ Tauri stars (e.g., Elmegreen and Lada 1977; Lada 1987). 

2 . 2 T h e D y n a m i c a l N a t u r e of O B A s s o c i a t i o n s 

Ambartsumian (1947) was the first to recognize that the space densities of 
OB associations were well below the critical density for stability against disruption 
due to galactic tidal forces and that this had the important implication that such 
associations were considerably younger than the age of the galaxy. This observation 
provided one of the first fundamental proofs that star formation was occuring in 
the present epoch of galactic history. Ambartsumian showed that OB associations 
were gravitationally unbound and systems of positive total energy with expansion 
lifetimes on the order of 1 0 7 years. Based on early proper motion measurements, 
Ambartsumian also suggested that the associations had expansion velocities ( « 10 
km s - 1 ) well above that which could be produced by galactic tidal forces alone 
(Ambartsumian 1955). « This lead to a number of hypotheses to explain the ori-
gin of these stellar systems of positive total energy. Ambartsumian proposed that 
associations were formed when massive, super-dense, "proto-stellar" bodies disin-
tegrated producing both expanding groups of stars and their associated gas and 
dust (Ambartsumian 1955). Opik (1953) suggested that the éjecta from a super-
nova explosion could sweep up and compress interstellar matter into an expanding 
shell of gas which could then form an association of stars which would "retain the 
outward motion of the material of which they were built". Oort (1954) proposed 
a similar solution using the expansion and compression of an HII region to create 
expanding clouds of gas from which new stars would form and subsequently "share 
the outward motions that the HII regions had imposed on these clouds". All these 
ideas were based on the assumption that an unbound group of stars must have 
formed from expanding clouds of gas. 

During the last 15 years millimeter-wave CO observations have shown that 
OB associations form from GMCs (e.g., Elmegreen and Lada 1976,1977; Blitz 1980) 
which are gravitationally bound systems with negative total energy. Clearly this 
invalidates the basic assumption on which the solutions proposed by Ambartsumian, 
Oort and Opik were based. How do GMCs with negative total energy produce 
unbound OB associations? The key to answering this question is provided by 
recent observations of star formation activity in molecular clouds. Although GMCs 
are extremely massive, observations indicate that during their lifetime they convert 
only a small fraction of their gaseous mass into stars (e.g., Duerr, Imhoff and Lada 
1982; Myers et al. 1986). In other words the global star forming efficiency of 
GMCs is low, probably on the order of a few percent or less. Clearly these large 
clouds must be a source of star formation and not the product of stellar creation that 
Ambartsumian had originally envisioned. At the same time, GMCs are not stable to 
destruction and dissipation by OB stars which generate HII regions, powerful winds 
and possibly even supernovae while still embedded in a cloud. Indeed, calculations 
by Whitworth (1979) showed that Ο stars could disperse an entire GMC if only 
4% of the cloudy material was converted to stars with an IMF typical of field 
stars. These considerations led Duerr, Imhoff and Lada (1982) to propose that the 
unbound state of associations is a natural consequence of star formation in a giant 
molecular cloud with a low conversion efficiency of gas into stars, followed by a rapid 
destruction and removal of the unprocessed gas from the system. This hypothesis 
predicts as a consequence that the velocity dispersion of association stars is on the 
same order as that of molecular gas in GMCs (i.e., 2-4 km s""1). This prediction 
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appears to be confirmed for the λ Ori association studied by Duerr, ImhofF and 
Lada by a recent measurement of the velocity dispersion of association members of 
about 2 km s " 1 made by Mathieu and Latham ( 1 9 9 0 ) . In addition it is interesting 
to recall that the systematic increase in size with age of the subgroups in the Ori 
OBI association (Blauuw 1 9 6 4 ) is consistent with an expansion velocity of a few 
km s - 1 for the stars. These results support the contention that the unbound state 
of OB associations is a result of the combination of low star formation efficiency 
and rapid and efficient gas dispersal. These considerations also suggest that the 
early proper motion measurements of associations overestimated their expansion 
velocities. 

Figure 1 is a sketch which depicts the evolution of star formation in a GMC 
and the creation of an expanding association as disucssed above and by Lada ( 1 9 8 7 ) . 
First, low mass stars form throughout the cloud converting roughly 1 - 3 % of the 
gaseous mass into stars. At some point massive OB stars form in the cloud and 
heat, ionize and disrupt the molecular gas. In a relatively short time ( « 1 0 6 years), 
the OB stars disrupt the entire complex and remove the vast majority of the original 
binding mass of the system. The stars in the cloud, which were originally orbiting 
in virial equilibrium with the deep potential well of the massive GMC, respond to 
the rapid removal of the majority of the binding mass by freely expanding into space 
with their initial virial velocities. This idea that unbound associations could form 
from bound clouds as a result of gas dispersal was originally suggested in a lecture 
by Zwicky ( 1 9 5 3 ) and later independently mentioned by McCrea ( 1 9 5 5 ) and von 
Hoerner ( 1 9 6 8 ) who was the first to suggest (quantitatively) that OB stars could 
effectively disperse star forming gas and unbind a forming stellar system. However, 
these proposals were not given much attention because the large expansion velocities 
suggested by early proper motion measurements were not easily explained in the gas 
dispersal scenarios (e.g., Oort 1 9 5 4 ) . With the ability to directly observe molecular 
clouds and their embedded populations at millimeter and infrared wavelengths, 
it has now become clear that the origin of expanding associations is a result of 
the combination of low star formation efficiency and the efficient destruction of 
of giant molecular clouds by OB stars. The answer to the question of the origin 
of expanding associations requires understanding why star formation efficiency in 
molecular clouds is so low (Lada 1 9 8 7 ) . 

2 .3 D e n s e C o r e s a n d E m b e d d e d Clus ter s 

It has long been suspected that stars form in the dense cores of giant molecular 
clouds. In the nearest star forming regions: Taurus and Ophiuchus, comparison of 
millimeter-wave and infrared data has suggested that dense cores both small and 
large are often associated with extremely young embedded objects and are therefore 
often sites of recent low mass star formation (e.g., Myers 1 9 8 7 ; Wilking and Lada 
1 9 8 3 ) . Observations of these two regions further suggests that the formation of 
dwarf stars from dense gas occurs in two modes. In Taurus individual, relatively 
low mass (i.e., 2 - 1 0 M©), cores are producing individual young stellar objects, while 
in Ophiuchus a single massive core (M « 5 0 0 M Q ) accounts for almost all the star 
forming activity in the region. The relative strength of magnetic fields in the dense 
gas may be the factor which determines which mode of star formation is dominant 
in a given region or cloud core (Shu, Adams and Lizano 1 9 8 7 ) . 

The extent to which either one of these two regions is representative of galac-
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* Low m a s s p o p u l a t i o n of Y S O s f o r m i n g wi th in c loud 

Expand ing N a k e d A s s o c i a t i o n ' Foss i l G M C 

Figure 1. Probable stages in the origin of an expanding OB association 
from a giant molecular cloud. (Lada 1987). 

t ic s tar f o r m a t i o n in general is unc lear . Ne i ther reg ion is current ly part of a G M C . 
H o w e v e r , t h e O p h i u c h i c loud core is part of t h e S c o - C e n O B a s s o c i a t i o n , a n d per-
h a p s t h e las t r e m n a n t of a o n c e larger G M C w h i c h h a s b e e n m o s t l y d i s s i p a t e d 
b y t h e O B s tars of th is a s soc ia t ion . T h e T a u r u s c l o u d is an i n t e r m e d i a t e s i zed 
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molecu lar c loud w h i c h is n o t part of an ex i s t ing O B assoc ia t ion . In this regard it 
w o u l d certa in ly b e useful t o o b t a i n deta i led k n o w l e d g e of the star forming ac t iv i ty 
in another molecu lar c loud , preferably a nearby G M C . Recent ly , a c o m p l e t e and 
u n b a i s e d c e n s u s of e m b e d d e d stars a n d dense molecu lar gas w a s o b t a i n e d for the 
m a s s i v e G M C L 1 6 3 0 in Orion b y E l i zabe th Lada a n d co l leagues (E . L a d a 1990) . 
T h e s e observat ions were sens i t ive e n o u g h t o inves t iga te b o t h h igh a n d low m a s s 
y o u n g stel lar objects a n d h a v e prov ided signif icant n e w informat ion concern ing 
s tar forming ac t iv i ty in t h a t c loud . Lada a n d her co l leagues s y s t e m a t i c a l l y a n d 
c o m p l e t e l y s u r v e y e d a s ignif icant fract ion of the L1630 (i .e. , Orion B) G M C for 
e m b e d d e d infrared sources a n d for emis s ion from C S , w h i c h is a tracer of dense 
molecu lar g a s . A p p r o x i m a t e l y 1000 infrared sources were d e t e c t e d , a s ignif icant 
fract ion ( i .e . , « 50%) of w h i c h appear t o b e e m b b e d e d in t h e c loud . Moreover , it 
w a s d i scovered t h a t t h e vas t major i ty ( > 90%) of these e m b e d d e d sources are not 
uni formly d i s t r ibuted t h r o u g h t h e surveyed por t ion of the c loud . Ins t ead , a l m o s t 
all t h e e m b e d d e d s tars were found t o b e concentra ted in four i so la ted a n d spat ia l ly 
d i s t inct c lus ters . E a c h of these c lusters w a s in turn found t o b e co inc ident or near ly 
co inc ident w i t h a m a s s i v e , dense molecular core. T h e s e observat ions are s u m m a -
rized in F igure 2 ( taken from E . L a d a 1990) w h i c h s h o w s the locat ions a n d e x t e n t s 
of t h e e m b e d d e d infrared c lusters a n d dense molecu lar gas in the L1630 G M C . 

T h e s e fasc inat ing resul ts h a v e at least t w o i m p o r t a n t consequences for u n -
ders tand ing star format ion (at least for t h e L1630 G M C ) . F irs t , t h e f o r m a t i o n of 
s tars of b o t h h i g h a n d low m a s s does occur in dense gas . S e c o n d , t h e vas t major-
i ty of s tars formed in t h e s u r v e y e d region h a v e formed in local ized centers of s tar 
forming ac t iv i ty or c lusters . T h e s e c lusters were p r o d u c e d in t h e four largest a n d 
m o s t m a s s i v e dense cores in t h e c loud . T h e r e is n o ev idence for any s ignif icant s tar 
format ion ac t iv i ty o u t s i d e these c lusters . T h e r e is apparent ly n o s ignif icant "back-
ground" m o d e of s tar format ion for e i ther h i g h or low m a s s s tars in w h i c h s tars form 
in ind iv idua l i so lated cores like t h e y do in t h e Taurus dark c loud . Star f o r m a t i o n 
in t h e s e regions of L1630 is m o r e remin i scent of t h a t occur ing in O p h i u c h u s w h e r e 
aga in t h e vas t major i ty of n e w l y formed s tars res ide in a c o m p a c t c luster w i t h i n 
a m a s s i v e dense core . T h e c lusters in L1630 appear richer t h a n t h e one in O p h i -
u c h u s , h o w e v e r . T h e overal l s tar format ion efficiency in t h e G M C w a s e s t i m a t e d t o 
b e o n t h e order of 3-4%. H o w e v e r w i t h i n the v o l u m e conta in ing t h e dense g a s , t h e 
efficiency w a s cons iderably h igher ( 1 8 - 3 0 % ) . Interest ingly e n o u g h h o w e v e r , L a d a 
found t h a t t h e s tar format ion efficiency is n o t uni form e v e n w i t h i n t h e dense gas . 
She found t h a t 9 0 % of t h e n e w l y formed s tars were c o n t a i n e d w i t h i n on ly 3 0 % of 
t h e dense molecu lar gas! E v i d e n t l y h a v i n g a h igh e n o u g h dens i ty t o exc i t e 3=2—>1 
CS e m i s s i o n is n o t a sufficient cond i t ion for efficient s tar format ion . F u t u r e s t u d y 
of t h e dense gas in th i s G M C , where the s tar format ion efficiency varies so m u c h 
b e t w e e n t h e dense cores , cou ld prov ide i m p o r t a n t c lues for u n d e r s t a n d i n g w h y star 
format ion efficiency is general ly so low in G M C s . 

T h e s i tes of t h e e m b e d d e d c lusters in L 1 6 3 0 are l ikely t h e future s i tes of O B 
s u b g r o u p s w h i c h wil l appear w h e n t h e c loud is d i s s ipated . W h e n t h e y e m e r g e , these 
s u b g r o u p s wil l c o n t a i n t h e vas t major i ty of b o t h h i g h a n d low m a s s s tars formed 
in t h e c loud . W h e t h e r any of these e m b e d d e d c lusters wil l u l t i m a t e l y form b o u n d 
c lusters like t h e P l ea ides d e p e n d s o n t h e t h e star format ion efficiency ach ieved in 
t h e dense core at t h e t i m e of des truc t ion a n d t h e rate at w h i c h t h e gas is d i spersed 
( T u t u k o v 1978; L a d a , Margul i s a n d D e a r b o r n 1984) . H o w e v e r , if th is is a typ ica l 
a s soc ia t ion , m o s t of t h e e m b e d d e d c lusters wil l b e c o m e u n b o u n d s u b g r o u p s . T h e 
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Figure 2. Locations of embedded stellar clusters and dense cores in the 
L1630 GMC (from E. Lada 1990). The contours represent isointensity 
contours of CS emission from the dense molecular gas in the cloud. The 
shaded regions are the extents of the embedded clusters in the cloud. 

extent to which L1630 is typical of star formation in the galaxy is yet to be deter-
mined. But if studies of nearby OB associations are an indication (e.g., Blauuw 
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1964), many stars formed in the galaxy may have had their origins in embedded 
clusters within massive molecular cores and not in the relative isolation which char-
acterizes the typical star forming core in Taurus. 

3 . T H E N A T U R E O F L O W M A S S Y O U N G S T E L L A R O B J E C T S 

Since star formation takes place in dense molecular gas, newly forming and 
formed stars will be physically associated with varying amounts of molecular gas 
and dust. As a result, we expect buried young stellar objects (YSOs) to radiate a 
significant fraction of their energy in the infrared portion of the spectrum. More-
over, since the circumstellar material associated with a YS Ο occupies a volume of 
space considerably larger than the YS Ο itself, we expect that the emission that 
emerges from the cloud to be radiated over a wavelength range which is larger than 
that of a single temperature blackbody or stellar photosphere. In addition, since 
the emergent spectrum will depend on both the nature and distribution of the sur-
rounding material, we expect the shape of the emergent infrared energy distribution 
(i.e., log \F\ vs. log λ) will be a function of the evolutionary state of a YSO. Pro-
tostars will have a very different infrared signature than pre-main sequence stars 
which have rid themselves of most of their original star forming material. 

Infrared observations of embedded YSOs have shown that their infrared en-
ergy distributions exhibit well-defined structure and can be classified in a meaning-
ful way (Lada and Wilking 1984; Lada 1987). If one defines a spectral index a = 
dlogAFx/dlogÀ, then the spectral energy distributions (SEDs) of most known YSOs 
fall into three distinct morphological classes (I, II and III). These are illustrated in 
Figure 3. Class I sources have SEDs which are broader than a single blackbody 
function and for which a is positive. Class II sources have SEDs which are also 
broader than a single blackbody function but have values of α which are negative. 
Class III sources have SEDs which are characterized by negative values of a but 
have widths that are comparable to those of single blackbody functions, consistent 
with the energy distributions expected from purely reddened photospheres of young 
stars. Class I sources derive their steep positive spectral slopes from the presence 
of large amounts of circumstellar dust. These sources are usually deeply embedded 
in molecular clouds and rarely exhibit detectable emission in the optical band of 
the spectrum (e.g., Lada and Wilking 1984; Myers et al, 1987). However, nearly all 
known Class II sources can be observed optically as well as in the infrared. When 
classified optically Class II sources are usually found to be Τ Tauri stars or FU Ori 
stars (e.g., Rucinski 1985). Their negative spectral indices indicate that Class II 
YSOs are surrounded by considerably less circumstellar dust than Class I sources. 
Class III sources are usually optically visible with no or very little detectable ex-
cess emission at near- and mid-infrared wavelengths, (although, they may exhibit 
strong excesses at millimeter wavelengths, see Montmerle and Andre 1990, and 
this conference) and therefore little or no close-in circumstellar dust. Class III ob-
jects include both young main sequence stars and pre-main sequence stars, such as 
the so-called ttpost"-T Tauri stars (e.g., Lada and Wilking 1984) and the recently 
identified "naked"- Τ Tauri stars (e.g., Walter 1987). It is apparent from existing 
studies of YSOs that there is a more or less continuous variation in the shapes of 
SEDs from Class I to Class III (e.g., Myers et o/.,1987, Wilking Lada and Young 
1989). 

It is extremely tempting to hypothesize that the empirical sequence of YSO 
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spectral energy distributions corresponds to an evolutionary sequence. Indeed, 
the variation in SED class from I to III represents a variation in the amount of 
luminous circumstellar dust around each object. This seems to suggest, then, that 
the empirical sequence of spectral shapes is a sequence of the gradual dissipation of 
dust and gas envelopes from around the newly forming or formed stars (Lada 1987). 
Recently, Adams, Lada and Shu (1987) have been able to theoretically model this 
empirical sequence as a more or less continuous sequence of early stellar evolution 
from protostar to young main sequence star using a self-consistent physical theory 
originally developed by Shu (1977). In this theoretical picture Class I sources 
are true protostars, objects undergoing accretion and assembling the bulk of the 
mass they will ultimately contain when they arrive on the main sequence. In 
particular, it is assumed that low mass protostars form from the nonhomologous, 
inside-out collapse of a rotating, isothermal cloud core (i.e., Shu 1977; Adams and 
Shu 1986). At the center of this unstable cloud a dense stellar-like core and disk 
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develop and become luminous as a result of the infall and accretion of material 
from the outer infalling envelope. Detailed radiative transfer calculations show 
that density distribution produced by the infalling envelope and rotation results in 
an emergent energy distribution with a steep positive spectral index (i.e., Class I). 
Moreover, modeling of the observed energy distributions of Class I sources in Taurus 
suggests density distributions similar to those predicted by theory for infalling 
envelopes as well as the presence of circumstellar disks (Myers et al. 1987). 

Observations of Class II SEDs indicate that the shape of the infrared portion 
of the spectrum is well described by a power-law form (Adams, Lada and Shu 1988). 
Early theoretical work by Lynden-Bell and Pringle (1974) showed that an optically 
thick circumstellar disk would produce a spectrum which was the superposition of 
a series of different blackbody functions. The shape of this composite spectrum 
would be power-law in form if the temperature gradient in the disk was charac-
terized by a power-law dependence with distance from the central star. Class II 
SEDs are therefore found to be well modeled by just a reddened stellar photosphere 
surrounded by a luminous circumstellar disk, that is, by a YSO without its infalling 
envelope. To evolve from Class I to Class II therefore requires the removal of the 
infalling envelope, presumably by the action of an intense outflow as will be dis-
cussed later. Presumably, the further removal of the surrounding disk, via accretion 
onto the star itself, by erosion by a stellar wind or outflow, or by incoporation into 
planetary bodies, causes a Class II object to evolve into a Class III source. Exactly 
how this occurs is presently unclear (however, see Montmerle and Andre 1990). 

4. E N E R G E T I C B I P O L A R M O L E C U L A R O U T F L O W S 

Ten years ago millimeter-wavelength observations of the molecular gas sur-
rounding YSOs led to the discovery of an unanticipated phenomenon of fundamental 
importance for understanding star formation. In addition to their global supersonic 
velocity fields, molecular clouds were found to contain localized regions (0.1-3 par-
sees in size) where a significant amount of gas was characterized by hypersonic bulk 
motion. In these regions the observed widths of molecular emission lines are found 
to range between 10-100 km s _ 1 ! These highly supersonic and super-Alfvenic ve-
locities cannot be gravitationally (or magnetically) confined within the localized 
regions where they occur and they must represent unbound and expanding flows 
of cold molecular gas within the GMCs (e.g., Lada 1985). The regions containing 
the hypersonic outflows are almost always coincident with, if not centered on, the 
position of an embedded YSO. Well over 100 molecular outflows are now known, 
most within a kiloparsec of the sun. Their properties have been extensively and 
thoroughly reviewed in the literature (e.g., Lada 1985; Snell 1987; Fukui 1990) 
Briefly, the masses of such outflows are substantial, containing anywhere between 
0.1 and 100 M 0 . Because of the large masses contained in the molecular outflows, 
it is likely that the outflowing molecular gas is swept-up ambient cloud material 
rather than original éjecta from the driving source. More significantly, the corre-
sponding kinetic energies of the flows are enormous, ranging between 1 0 4 3 and 1 0 4 7 

ergs! The dynamical timescales of the flows are estimated to be between 1 0 3 and 
10° years and their local formation rate is estimated to be roughly comparable to 
the formation rate for stars of a solar mass or greater. Taken together, these facts 
suggest that molecular outflows play a fundamentally important role in the star 
formation process. 

Perhaps the most intriguing property of the molecular outflows is their ten-
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dency to appear spatially bipolar. That is, they often consist of two spatially 
separate lobes of emission, with one lobe containing predominantly blueshifted gas 
and the other predominantly redshifted gas. Furthermore, the two separating lobes 
are almost always more or less symmetrically situated about an embedded infrared 
source or young stellar object. About 75% of the known outflows are bipolar; the 
rest are either single-lobed, (i.e., one lobe of either predominately red or blue-
shifted emisison), isotropic (i.e., one lobe but with both red and blue-shifted high 
velocity emission spatially coincident) or of complex morphology. 

5 . E N E R G E T I C O U T F L O W S A N D S T A R F O R M A T I O N 

Bipolar molecular outflows are indivdually energetic enough to disrupt cloud 
cores and collectively powerful enough to have a significant impact on the dynamics 
and structure of a an entire GMC (e.g., Margulis Lada and Snell 1988). In fact 
the molecular outflows generated by a population of embedded YSOs may be able 
to generate the turbulent pressure that keeps GMCs from global collapse, thereby 
solving one of the outstanding problems of cloud dynamics. In any event, it is clear 
that molecular outflow is the likely agent that removes circumstellar material and 
drives the evolution of an embedded young stellar object from the Class I to the 
Class II stage. In this regard it is interesting to determine by direct observation the 
nature of the embedded sources which drive cold molecular outflows. A growing 
body of observational data now clearly shows that molecular outflows are most 
frequently associated with Class I type sources and only rarely with Class II or III 
objects (e.g., Lada 1985, 1988; Berrill et al. 1989; Snell et al. 1988; Margulis, Lada 
and Young 1989). In fact survey observations of both embedded source populations 
within individual clouds (Margulis, Lada and Young 1989) and among all molecular 
clouds (Berrill et al. 1989; Snell et al. 1988) indicate that at least half of all studied 
Class I objects are sources of molecular outflow. On the other hand, less than 10% 
of Class II and III objects are associated with molecular outflow, although many of 
these may still drive stellar winds (Lada 1988). This suggests that outflow activity 
is ignited during the Class I or protostellar phase and continues into the Class II 
phase where it subsequently dies out. 

Although molecular outflows appear to provide the key to understanding how 
a Class I source removes surrounding material and in doing so evolves into a Class 
II source, the high frequency of association between Class I infrared sources and 
molecular outflows poses a paradox. The statistics suggest that a significant frac-
tion of the lifetime of a Class I object is spent in the outflow phase. Yet, if Class 
I sources are true protostars, their evolution should be characterized by the inj all 
of surrounding material. How can a protostar for most of its existence be simulta-
neously a source of infall and outflow? How can a star form by losing mass? The 
answer to this question is the key to understanding the basic physics of the star 
formation process. 

The solution to this paradoxical problem may contain two crucial ingredients: 
angular momentum and magnetic fields. The fact that disks are found around most 
YSOs implicates an important role for angular momentum. The formation of a disk 
around a young stellar object is the natural consequence of the presence of angular 
momentum (even in small amounts) and its conservation in dynamically evolving 
cloud cores. For a rotating protostar most of the mass that ends up on the star 
must be accreted from the surrounding disk. In order for material to flow through 
the disk and onto the protostar, the material must lose both energy and angular 
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momentum. If the mass of the disk is not much larger than that of the central 
object, the material in the disk should rotate differentially in Keplerian fashion. 
Gas falling through such a disk will reach the surface of the central star with an 
orbital velocity and specific angular momentum which is relatively high compared 
to that in the star (Shu et al. 1989). If this material is added to the star it will spin 
up the star. The star will quickly reach break up equatorial velocities at which point 
material can no longer be added to it. A centifugal barrier prevents the further 
growth of the protostar. Thus the process of star formation can only proceed if 
the incoming gas somehow can lose additional angular momentum in the process 
of accreting onto the star or if the star can somehow spin down while accretion is 
taking place. 

Angular momentum can be carried away from a star by a stellar wind. Con-
sequently, a protostar may be able to gain mass only if it simultaneously loses mass. 
To allow star formation to continue the rate of mass loss from the wind should be 
a fraction of the mass accretion rate i.e., 

Mwind = fMinfaii 

where the fraction / is determined by the physics of the wind generating mechanism. 
The ideal protostellar wind is one that carries away little mass but lots of angular 
momentum. A number of recent investigations have shown that centrifugally-
driven hydromagnetic winds are potentially capable of doing the job (e.g., Pudritz 
1988). Such winds could be driven from either circumstellar disks (e.g., Uchida 
and Shibata 1984) or from the surfaces of central protostars (e.g., Shu et al. 1988). 
It may be that star formation in a rotating, magnetic cloud cores results in the 
formation of protostar-disk systems which can generate powerful outflows and in 
doing so resolve the paradox of the protostar which gains mass by losing mass. 

In conclusion, it is becoming increasingly apparent that the generation of an 
intense stellar wind is of fundamental significance for any scenario or theory of star 
formation. The wind is both necessary for star formation to proceed (by enabling 
accretion of material through a disk) and for providing a natural mechanism for 
the ultimate reversal of infall from the surrounding infalling envelope. In addition, 
the stellar wind and the bipolar molecular flow it generates limit the mass available 
to be accreted onto the protostar by clearing away the surrounding gas and dust. 
The wind is thus the agent that drives the evolution of a protostar from a Class I 
to a Class II object and determines the final mass of the forming star. 

5 . C O N C L U D I N G R E M A R K S 

Stellar formation in our galaxy is indeed a rich and wonderful physical process 
to investigate and behold. During the last two decades advances in observational 
technology have lead to remarkable progress in our quest to decipher the mysteries 
of stellar origins. The questions we ask today are in many ways totally different 
form those asked by investigators even 20 years ago. Yet, in delivering a lecture on 
the origin of stars here at the Byurakan Observatory one can hardly escape con-
templating the legacy of Academician Ambartsumian to this field of astronomical 
endeavor. His pioneering work on OB associations began the modern study of star 
formation in our galaxy. Perhaps most interesting and impressive however, was 
Ambartsumian's intuition about the importance of the role of expansive motions in 
the star formation process. Although, many of his ideas about the origin of stars 
and clouds appear with the light of modern evidence to be wrong (and this may not 
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b e t o o supris ing g iven the p a u c i t y of re levant observat iona l in format ion avai lable 
in t h e 50's a n d 60 ' s ) , h is bas ic bel ief t h a t e x p a n s i o n , exp los ion a n d outf low were 
f u n d a m e n t a l t o t h e p h e n o m e n o n of stel lar origins s e e m s t o b e b o r n e o u t by the the 
m o s t recent k n o w l e d g e prov ided by m o d e r n observat ion a n d theory . A s N e w t o n 
first t h o u g h t , grav i ty is , after all, at the heart of the process . H o w e v e r , b e c a u s e 
n a t u r e h a s also prov ided m a g n e t i c fields, angular m o m e n t u m a n d p e r h a p s o ther in-
gred ients w e do n o t y e t fully apprec iate , t h e s tory of t h e origin of s tars has t u r n e d 
o u t t o b e m o r e bizzare , mys te r ious and interes t ing t h a n a n y o n e (except p e r h a p s 
A c a d e m i c i a n A m b a r t s u m i a n ) cou ld h a v e i m a g i n e d 50 years ago . 
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BLAAUW: Do you consider the formation of clusters like the Pleiades, h 
and chi Persei etc. to fit in with the general scenario you described, 
i.e. extremes of a more or less continuous spectrum of formation effici-
ency, or should we invoke a different mechanism? 

LADA: Bound clusters must form in cores which have high efficiencies 
and which are more gently disrupted than OB starforming cores, that is, 
bound clusters cannot contain 0 stars in them when they form. Clearly, 
since only 10% of all stars were formed in bound clusters,the conditions 
that give rise to bound cluster formation must be in some sense "special" 
So far we know of only one region where the star formation efficiency 
(SFE) is large. In Ophiuchus the SFE is about 20%. The general condi-
tions there are much different than those in Taurus where the SFE is 
about 2%, so indeed different mechanisms are operating. However, E. 
Lada' s observations of Ori Β suggests that most stars are formed in 
cores similar to those in Ophiuchus, unlike the conditions in Taurus. 
But only a few of these cores will ever produce bound groups. The 
formation of massive stars in most cores may explain why they do not end 
up with bound groups. Tidal disruption by the parental GMC may also 
disrupt young clusters at an early stage. 

BLAAUW: Might not the high efficiency just referred to be counteracted 
by the violent outflow phenomena you described at the end? 

LADA: Evidently in cores which produce bound clusters, factors which 
give rise to disruption are suppressed. For example, 0 stars cannot have 
formed in bound clusters: they are too disruptive. 

BLAAUW: Might the outflow phenomena give rise to secondary star 
formation? 

LADA: Yes, it is certainly possible although we do not yet have a clear 
example of this happening. 

G1AMPAPA: What is the mass of the disk compared to the mass of the star? 
How does that fraction vary from high mass to low mass stars? (Do 
massive stars have massive disks and are low mass stars characterized by 
very low mass disks?) 

LADA: For Τ Tauri stars disk masses are on the order of 0 .1 Mo or less 
(i.e. they are generally less massive than the star itself). How that 
fraction varies between stars of different masses is not yet clear. 
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