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ABSTRACT 
Dynamical constraints are placed on the local star formation efficiency during the formation of 

star clusters. Virial models are used to examine the expected changes in cluster velocity dispersion, 
density, and radius during the period when the gas not converted into stars is removed from the 
system. Comparison of observed initial and final states of open clusters indicate local efficiencies of 
about 30% if the gas dispersal is slow relative to the dynamical crossing time and 55% if the gas loss 
is rapid. Efficiencies are somewhat dependent on support mechanisms of molecular clouds, but it is 
argued that observations of young clusters are in accord with the assumptions of the models used 
here. 

Subject headings: clusters: open — stars: formation 

I. INTRODUCTION 

Although estimates of global star formation efficiency 
have been known for some time, usually being found to 
be on the order of 1%-10%, local efficiency estimates 
are difficult to obtain from direct observation of star- 
forming regions. This Letter takes a dynamical perspec- 
tive in order to determine the local star formation 
efficiency during the formation of star clusters. It has 
become clear that the formation of stars occurs in 
molecular clouds, with some percentage of these stars 
being formed in bound clusters. Many of these clusters 
are now observed to be isolated in space, the remainder 
of the gas from which they formed presumably having 
dissipated through one of many suggested processes. 
This Letter describes simple virial models for the evolu- 
tion of the cluster during that period of gas dissipation 
for the two cases of rapid and slow mass loss. These 
models, when combined with observed initial and final 
states of open clusters, constrain the local star formation 
efficiencies to be significantly higher than the global 
estimates. 

II. VIRIAL MODELS 

Consider an isolated dynamical system of initial mass 
A/,, velocity dispersion (v2)1/2, and half-mass radii R¿. 
Let the system be in virial equilibrium, so that 

(v2)i = kGMi/Ri, (1) 

where k is the proportionality constant appropriate for 
the spatial structure of the system. Now, allow an exter- 
nal energy source to remove a fraction e of the mass. In 
the limit where the mass loss occurs on a time scale 
which is long compared with the crossing time, the 

system remains in quasi-static equilibrium and the radius 
of the system is inversely proportional to the mass 
remaining (cf. Hills 1980). Thus 

Rf _ _ 1 
R¿ Mf 1 - e (2) 

(where the subscript / refers to the final equilibrium 
state). From equations (1) and (2), we find 

(t7)/2 

<»2>/2 
— E 

and 

P/ n V* 

where p is the mass density. 
Alternatively, if the mass loss is rapid compared with 

the crossing time, impulsive approximations can be used. 
In this case, the ratio of final to initial radius is (cf. Hills 
1980) 

_ 1 — £ 
“ 1 - 2£’ (3) 

Note that the system is unbound for £ > 0.5. For £ < 0.5, 
we have from equations (1) and (3) 

(»T2 

<t7>:/2 
= (1 - 2e)'/2 
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and 

P/ (1 - 2e)3 

P. (1 - e)2 ' 

III. DETERMINATION OF STAR FORMATION EFFICIENCY 

The application of the above analysis involves the 
following simple star formation scenario. Consider a 
region of a giant molecular cloud (GMC) in which 
intense star formation occurs, forming at some effi- 
ciency a bound protocluster.1 We assume the protoclus- 
ter forms in equihbrium with the gravitational potential 
and retains the dynamical characteristics (velocity dis- 
persion, size, etc.) of the gas from which it formed. At 
some point, the remaining gas will be removed from the 
system—either rapidly via stellar winds and/or super- 
novae or slowly via cloud evaporation. The cluster will 
then reach a final dynamical equilibrium determined by 
the gravitational energy of the stellar system alone. In 
this scenario, the percentage of gas removed, e, is simply 
1—1], where 17 is the star formation efficiency, and the 
above equations become 

V ’ 

17 (slow case), (4) 
(»2»/2 

<y>'/2 

= v 
Ri 2f) — 1 ’ 

(»2)}/2 

(v2)'/2 
(2?) — l)l/2 (rapid case), (5) 

P/ (2r> - i)3 

We now consider the star formation efficiencies implied 
by each of these observable quantities. 

a) Velocity Dispersion 

The final velocity dispersion {v2)1/2 represents the 
dispersion of clusters presently isolated from gas clouds. 
Kinematic data are available for the more massive clus- 

Tn the following, “protocluster” refers to the cluster prior to 
gas dispersal and “cluster” to the system after gas loss. 

ters, such as the Pleiades ((u2)1/2 ~ 0.5 km s~\ Jones 
1970), Praesepe (0.4 km s_1, Jones 1971), and Mil (1.7 
km s_1, McNamara and Sanders 1977). All of these 
clusters are sufficiently young (ages of, at most, several 
relaxation times) that internal dynamical evolution has 
not significantly affected their dispersions. Noting that 
Mil is an unusually massive cluster, we adopt 0.5 
km s-1 as a typical final velocity dispersion. 

The initial velocity dispersion (u2)1/2 is determined 
from the motions of the gas out of which the stars are 
forming, i.e., from the velocity dispersions of molecular 
gas in star-forming regions. An excellent example is the 
Mon OBI molecular cloud surrounding the very young 
cluster NGC 2264. This GMC has been mapped in 
detail by Crutcher, Hartkopf, and Giguere (1978). The 
region consists of several cloud fragments, dominated by 
one large cloud (located behind the main body of the 
cluster) with a 13CO velocity dispersion of 1.5 km s-1. 
Blitz and Thaddeus (1980) find a similar velocity disper- 
sion in the star-forming region of the Rosette cloud. We 
then adopt 1.5 km s-1 as a reasonable initial velocity 
dispersion. 

With these observed values for the initial and final 
velocity dispersions, the first conclusion is that star 
formation efficiencies are certainly much higher than the 
global estimates of 1%-10%. If 90%-99% of the binding 
mass is removed rapidly, a protocluster of course be- 
comes unbound. However, even if the mass is removed 
slowly, the final velocity dispersion would be at most 
0.15 km s_ 1. Alternatively, if one adopts a final velocity 
dispersion of 0.5 km s-1, the formation region would 
have a velocity dispersion of greater than 5 km s~\ No 
dispersions of this magnitude have been observed. 

The observations actually indicate far higher star 
formation efficiencies. In the rapid mass loss case, the 
data suggest an efficiency of 56%. For slow mass loss, 
the data indicate an efficiency of 33%. Higher efficien- 
cies would be required for the more massive clusters. 

b) Mass Density 

Similar conclusions are drawn from consideration of 
initial and final cluster mass densities. While theoreti- 
cally this perspective is entirely analogous to using 
velocity dispersions, the observational data are indepen- 
dent. The best available data on initial cluster densities 
is the study of the p Oph region by Wilking and Lada 
(1983a, b). Their near-infrared survey revealed a con- 
centrated group of stars embedded in the cloud. After 
extensive analysis, they concluded that the total stellar 
component consists of roughly 200 M0 in a 0.4 pc2 area. 
This mass is comparable to that of many open star 
clusters (e.g., the Pleiades [700 MQ\ Jones 1970] and the 
Hyades [300 M0; Pels, Oort, and Pels-Kluyver 1975]), 
but the spatial extent is significantly smaller. Wilking 
and Lada estimate the core mass density (gas and stars) 
to be on the order of 800 M0 pc-3. The Pleiades, 
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however, have a core mass density of 5 M0 pc-3 (van 
Leeuwen 1979). The difference is presumably due to the 
cluster expansion after gas loss. 

Using equations (4) and (5), the initial and final 
densities suggest a stellar formation efficiency of 56% in 
the case of rapid mass loss. In the case of slow mass loss, 
the data suggest an efficiency of 28%. These values are 
remarkably similar to the results obtained from indepen- 
dent kinematic information; both suggest that local star 
formation efficiencies are high. 

c) Radius 

The observations of Crutcher, Hartkopf, and Giguere 
(1978) and Blitz and Thaddeus (1980) in star-forming 
regions suggest a mass density of p = 10”20 g cm-3; 
this also agrees well with the total mass density found 
by Wilking and Lada (1983a, b) in p Oph. If we adopt 
this value for the central mass density, adopt 1000 MG 

as the protocluster mass, and assume a mass distribution 
corresponding to that of a King model with 1F0 = 8 
(King 1966), we can compute protocluster half-mass 
radii as a function of star formation efficiency. Using 
equations (4) and (5) we can also compute final cluster 
half-mass radii. The results of such computations are 
given in Table 1. 

We note first that efficiencies of less than 20% lead to 
excessively large final cluster radii. At a galactic radius 
of 10 kpc, the galactic gravitational field imposes a tidal 
limit on a 1000 M0 cluster of only 14 pc (King 1962). 
The table shows that protoclusters formed at efficiencies 
of less than 20% would lose most members within one 
crossing-time after gas loss. Protoclusters formed at 
higher efficiencies, however, lead to cluster half-mass 
radii well within the tidal limit. These systems would 
easily survive post-gas-loss expansion and evolve into 
clusters with radii similar to the radii of observed open 
clusters. (Mil, for example, has a half-mass radius of 5 
pc [Mathieu 1983]). 

Detailed kinematic, density, and size-scale arguments 
thus suggest high star formation efficiencies. But even 
simple arguments suggest that this must be the case, at 

TABLE 1 
Initial and Final Radii of a 1000 MQ Cluster 

Slow Rapid 
Mass Loss Mass Loss 

T/ Æ/(pc) Æ/(pc) Æ/(pc) 

0.01 
0.1 . 
0.2 . 
0.3 . 
0.4 . 
0.5 . 
0.6 . 
0.7 . 

7.8 
3.6 
2.9 
2.5 
2.3 
2.1 
2.0 
1.9 

780 
36 
14 
8.3 
5.7 
4.2 
3.3 
2.7 

6.C 
3.2 

least in regard to massive clusters. Mil, for example, 
has a stellar mass on the order of 5000 M0 (McNamara 
and Sanders 1977). Efficiencies of 1% imply a source 
cloud of 5 X 105 M0, comparable to an entire GMC. 
More to the point, even an efficiency of 10% implies a 
source cloud of 5 X 104 M0, roughly 25% of the gas in 
the largest GMCs observed. Given a usual star-forming 
region density of 10“21-10“20 g cm-3, the formation 
region would be roughly 30 pc in radius. No single 
molecular gas cloud of such density and extent has been 
observed. Furthermore, the tidal radius of Mil is only 
on the order of 20 pc. Clearly, the star formation 
efficiency during the formation of Mil was quite high. 

IV. DISCUSSION 

a) Assumption of Initial Virial Equilibrium 

An essential assumption in the above analysis is that 
the systems from which we derive the initial conditions 
are in virial equilibrium. The assumptions here are in 
fact two-fold: (1) that the molecular clouds from which 
the clusters form are in equilibrium, and (2) that the 
protocluster remains in that equilibrium after star for- 
mation and retains the dynamic characteristics of the 
gas. We consider these two points separately. 

1. The dynamical state of molecular clouds has given 
rise to much recent debate. The thermal energies of 
GMCs are insufficient to support the clouds, and it has 
been suggested that the 12 CO self-absorption features 
which have been observed toward several star-forming 
regions and which are often redshifted with respect to 
the line center are evidence for cloud collapse at veloci- 
ties on the order of 1 km s“1 (Leung and Brown 1977; 
Snell and Loren 1977). However, there is substantial 
evidence arguing against cloud collapse. First, while the 
thermal velocities are insufficient for cloud support, the 
13 CO line widths are substantially larger than thermal, 
suggesting the presence of turbulence within the cloud. 
The turbulent kinetic energy is approximately sufficient 
to support the clouds (see, for example, the data of 
Crutcher, Hartkopf, and Giguere 1978 and Blitz and 
Thaddeus 1980). Second, blueshifted self-absorption fea- 
tures have been seen in NGC 2071 (Lada and Gottlieb, 
unpublished observation, 1974) and the Rosette molecu- 
lar complex (Blitz and Thaddeus). Third, Zuckerman 
and Palmer (1974) note that, if the clouds are collapsing 
on a dynamical time scale, the global star formation rate 
would be an order of magnitude higher than observed. 
In conclusion, the evidence for cloud collapse is not very 
strong, and the observed 13 CO line widths imply inter- 
nal motions quite sufficient to support the cloud dy- 
namically. 

2. We make the assumption in § III that a protoclus- 
ter retains the velocity dispersion and size-scale of the 
gas from which it formed. This assumption would not be 
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valid if that gas were dynamically supported by both 
internal motions and other mechanisms (in particular, 
magnetic field pressure). As the protocluster would be 
supported by internal motions alone, within a crossing 
time it would establish a new configuration in equi- 
librium with the gravitational potential. This equi- 
librium would be achieved through a general contraction 
of the protocluster. 

The theoretical picture regarding the dynamical sup- 
port of GMCs is not clear. The primary alternative 
support mechanism would be magnetic field pressure. 
Magnetic fields do exist within the GMCs; however, the 
degree of coupling of these fields to the molecular gas is 
unclear (Guelin et al. 1977; but see Elmegreen 1979). 
One means to circumvent the theoretical problem is to 
examine the spatial extent of a young protocluster rela- 
tive to the local molecular cloud. Consider again NGC 
2264, located in front of the Mon OBI cloud. The age of 
the cluster is estimated by Walker (1956) to be 3 X 106 

years; Cohen and Kuhi (1979) find similar ages for the 
T Tauri stars associated with the cluster. Thus the age of 
the system is somewhat longer than the crossing time. In 
Figure 1, the 84 T Tauri stars discovered by Herbig 
(1954) are plotted on both the 12 CO and 13 CO maps of 
the region (Crutcher, Hartkopf, and Giguere 1978). 
There is a strong correlation of CO density with stellar 
density, implying that NGC 2264 formed in the near 
side of the Mon OBI cloud. More importantly, there is 
no substantial contraction of the stellar system relative 
to the cloud; the stellar half-mass radius is approxi- 
mately equal to the CO half-mass radius. However, it 
should be noted that the average reddening in NGC 
2264 is only E(B - V) = 0.08, so that the cluster is no 
longer embedded in the cloud. It is thus possible that 
NGC 2264 may be somewhat evolved from its proto- 
cluster configuration. 

Vol. 267 

Similar results are found in p Oph. Wilking and Lada 
(1983ß, b) estimate a lower limit of 0.6 million years for 
the age of the system, while most of the stars are in fact 
somewhat older (Cohen and Kuhi 1979). Again, the 
embedded stellar population shows no central con- 
centration relative to the CO distribution. The essential 
point is that, while both of these systems have existed 
roughly a crossing time, neither shows any significant 
difference in the stellar and gas distribution. The impli- 
cation then is that the stars and the gas are dynamically 
in a very similar state. 

Finally, the star formation scenario may also be 
complicated by shock-induced star formation (e.g., 
Elmegreen and Lada 1977). Such processes may act to 
accelerate the stars relative to the internal gas motions. 
This would, however, only act to unbind the system, 
requiring still higher efficiencies to keep the system 
bound. 

b ) Time Scale of Mass Loss 

The dynamical crossing times for the dense star-form- 
ing regions considered here are on the order of 106 

years. Whether the gas dispersal is fast or slow relative 
to this time scale depends on the processes involved. 
Blitz and Shu (1980) argue that the lifetimes of GMCs 
are on the order of a few times 107 years. In this time, 
OB associations will impart sufficient energy into a 
GMC to disrupt the cloud. If this is the means by which 
gas is removed from a protocluster, then the analysis for 
slow gas dispersal is appropriate and local efficiencies 
on the order of 30% are suggested. 

However, a survey of young cluster populations (see, 
for example, Hagen 1970) shows that it is likely that the 
protocluster itself will be the source of OB stars. The 
associated expanding H n regions will remove the local 
gas on time scales an order of magnitude shorter than 

MATHIEU 

Fig. 1.—Mon OBI /NGC 2264. Contour levels are 4 K and 2 K for 12 CO and 13 CO respectively (taken from Crutcher, Hartkopf, and 
Giguere 1978). Dots are locations of T Tauri stars. 
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the dynamical time scale of the system. In this case, 
much higher local efficiencies (certainly greater than 
50%) are required if the cluster is to survive. 

V. CONCLUSIONS 

The essential problem with which this Letter is con- 
cerned is that the velocity dispersions and mass densities 
of open star clusters are of an order comparable to the 
velocity dispersions and mass densities of star-forming 
regions. This observation is difficult to reconcile with 
very low star formation efficiencies (1%-10%), since in 
such cases a large percentage of the binding mass is 
removed when the cloud dissipates. The expected result 
would be the expansion of the star cluster and signifi- 
cantly lowered velocity dispersions and densities, or the 
complete unbinding of the cluster. 

Simple virial models have been developed to estimate 
local star formation efficiencies consistent with observed 

L101 

initial and final velocity dispersions, densities, and size 
scales. While the results are somewhat dependent on the 
rate of gas loss, the indicated efficiencies are high, on 
the order of 30% for slow mass loss and 55% if the rate 
of gas loss is rapid (relative to the crossing time). It is 
suggested that in most clusters OB stars will form and 
the gas loss will be rapid. We conclude then that, at least 
in the formation of bound star clusters, local star forma- 
tion efficiencies are high, probably on the order of 55%. 
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