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ABSTRACT 
We address the question of the efficiency with which supernova ejecta are dispersed into the ISM and its 

implications for the metal abundances of early stellar populations. Based upon the dynamical limits imposed 
by the dispersive physical processes, we derive a permitted range of metallicities for a closed system such as a 
globular cluster. The mean supernova progenitor mass, an adjustable parameter in these models, is taken to 
be ~30 Mq. We discuss this choice in the context of observed abundance patterns and an assumed IMF. Our 
lower metallicity limit arises from the fact that at most ~8% of the input energy is available for gas motions 
(dispersion). The upper metallicity limit is rather a consequence of momentum conservation: the minimum 
energy that can be retained is ~0.4%, implying very inefficient mixing and therefore a higher achieved metal- 
licity. We find it to be both encouraging and suggestive that the permitted range, ~10-2 to 10"1 Z0, is 
compatible with that observed for the Galactic halo globular clusters. 
Subject headings: clusters: globular — stars: abundances 

1. INTRODUCTION 

The origin and evolution of the Galactic globular cluster 
system, and its relation to the earliest stages of evolution of the 
Galaxy itself, remain subjects of considerable theoretical inter- 
est. At the present time, the critical question has yet to be 
resolved as to whether they were formed before, during, or 
after the collapse of the protogalaxy itself (Fall & Rees 1987). 
Current estimates of the ages of the globular clusters (Janes & 
Demarque 1983; Iben & Renzini 1984; VandenBerg 1988; 
Sandage & Cacciari 1990; VandenBerg, Boite, & Stetson 1991) 
are comparable to those obtained for the Galaxy from nuclear 
chronometers (Fowler & Meisl 1986; Meyer & Schramm 1986; 
Mathews & Schramm 1988; Cowan, Thielemann, & Truran 
1987, 1991), but somewhat greater than age estimates for the 
disk from white dwarf cooling (Winget et al. 1987; Iben & 
Laughlin 1989; Wood 1990). It is thus clear that the globular 
clusters represent some of the oldest objects known in our 
Galaxy. 

A question of particular concern, the answer to which can 
provide an important boundary condition on the epoch of 
globular cluster formation, is whether the abundance patterns 
that are observed to characterize the current population of 
stars in globular clusters reflect (1) the composition of the gas 
from which the protoclusters formed or, rather, (2) the pro- 
ducts of nucleosynthesis associated with an earlier generation 
of stars within the clusters themselves. Our investigation of this 
question has led us to the conclusion that the abundance pat- 
terns characterizing, specifically, the spheroidal component of 
the Galactic globular clusters are entirely attributable to self- 
enrichment. Observational support for this view is briefly 
reviewed below. 

Important clues to the formation and early evolution of the 
globular clusters are provided by observations of their com- 
position trends and specific abundance patterns. A variety of 
general trends and correlations in globular cluster abundance 
patterns have previously been noted: (1) The strikingly narrow 
abundance spreads within individual clusters, as inferred from 
the narrow widths of their giant branches in the color magni- 
tude diagram (Kraft 1979; Freeman & Norris 1981), indicates 

— stars : evolution — stars : stellar statistics 

that the currently observed stellar generation formed from 
homogenized gas. This forms the basis for a common argu- 
ment against self-enrichment, although it provides equally 
stringent constraints on virtually all models for globular 
cluster formation. (2) The frequency distribution of globular 
cluster abundances (Fe/H) is bimodal (Zinn 1985), indicating 
the existence of distinct disk and halo globular cluster popu- 
lations. (3) The globular clusters of the halo population exhibit 
no significant abundance gradient with galactocentric distance 
(Pilachowski 1984; Zinn 1985). (4) The metallicity distribution 
function of the globular cluster stars differs from that of the 
field halo stars (Laird et al. 1988), in the sense that the field 
stars exhibit a much broader range in metallicity than do the 
clusters. Specifically, a substantial fraction of the field stars are 
much more metal deficient than any of the globular clusters. 
(5) Observations of extragalactic globular cluster systems indi- 
cate that the globular clusters are systematically bluer at a 
given galactocentric distance than the mean colors of the 
underlying field star population (Forte, Strom, & Strom 1981; 
Harris 1986; Mould 1987). 

The abundance trends noted above are largely based upon 
photometric studies of the light output of the cluster stars. 
Spectroscopic studies of individual stars in globular clusters 
now permit the determination of individual elemental abun- 
dances in these stars. The results of such studies to date reveal, 
specifically, that globular cluster stars exhibit abundance pat- 
terns which are both similar to those of the extremely metal- 
deficient field halo stars and quite distinct from solar system 
abundances (Anders & Grevesse 1989). Composition trends in 
field halo stars and globular cluster stars which reflect these 
similarities are briefly reviewed below. 

Observations of the abundances in the most extremely 
metal-deficient field halo stars, recently reviewed by Spite & 
Spite (1985) and Wheeler, Sneden, & Truran (1989), reveal a 
number of interesting trends. High oxygen to iron ratios 
[O/Fe] » +0.5 are generally found to characterize the halo 
stars. Similar trends are evident for the intermediate mass ele- 
ments Mg, Si, Ca, and Ti, which are again found to be enriched 
relative to iron by approximately 0.5 dex. In contrast, the 
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abundances of both carbon and nitrogen, relative to iron, are 
compatible with solar abundances. The data also give evidence 
for the presence of a mild odd-even effect involving the pro- 
ducts of explosive nucleosynthesis (Truran & Arnett 1971): 
specifically, elements containing odd numbers of protons (e.g., 
Na, Al, and Sc) seem perhaps to show somewhat greater rela- 
tive deficiencies than neighboring even-Z nuclei in extremely 
metal-deficient stars. 

In the heavy element region, the data now clearly establish 
the existence of depletions in the abundances of the designated 
s-process elements Sr and Ba, relative to iron, in stars of low 
Fe/H. The theoretical interpretation of these trends as due to 
the fact that the heavy element abundance patterns character- 
istic of extremely metal-deficient stars are dominated by r- 
process contributions (Truran 1981) has now been strongly 
confirmed by observations (Sneden & Pilachowski 1985; 
Gilroy et al. 1988). 

Collectively, these abundance patterns in metal-deficient 
stars are therefore quite in agreement with those expected to be 
characteristic of the ejecta of massive stars (Truran 1983,1989). 
It seems logical that this be so, since massive stars M > 10 M0 
of short lifetime t < 108 yr can be expected to be the major 
source of nucleosynthesis on a time scale compatible with a 
halo collapse time scale. 

An intriguing result is the finding that similar elemental 
abundance trends are evident in the abundance patterns deter- 
mined for globular cluster stars. We can note particularly the 
following features. Intermediate mass nuclei such as magne- 
sium, silicon, calcium, and titanium (the “alpha” nuclei) are 
typically enriched, relative to iron, by up to approximately 0.5 
dex, for clusters with values of [Fe/H] ranging from —2.52 to 
—0.81 (see Table 1). Such relative enrichments are not, 
however, characteristic of other iron-peak nuclei like chro- 
mium and nickel. High O/Fe ratios are also encountered in 
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some globular clusters, although there generally remain serious 
questions concerning the oxygen abundances in these systems. 
Finally, the heavy element (A > 60) abundance patterns in 
globular cluster stars (see Table 2) reveal anomalies in the 
ratios Zr/Fe, Ba/Fe, and Eu/Fe similar to trends observed in 
extremely metal-deficient field halo stars, which have been 
determined to be r-process in nature. In particular, the system- 
atically high values obtained for [La/Zr] for cluster stars, with 
a mean value +0.32, again seem suggestive of an r-process 
origin (Truran 1988). The fact that all of the heavy elements Zr, 
Ba, and Eu are systematically depleted relative to Fe for the 
studied cases is consistent, as well, with the suggestion of 
Mathews & Cowan (1990) that the r-process associated with 
massive stars M > 10 M© which forms the heavy element 
pattern in the halo stars preferentially operates in stars in the 
mass range 10 < M < 20 M©. 

It is these patterns which we believe now begin to impose 
particularly interesting constraints on globular cluster chemi- 
cal evolution. In particular, Truran (1983, 1988; see also 
Truran & Thielemann 1987) has called attention to the fact 
that the occurrence of heavy element abundance patterns in 
the most metal-rich clusters that reflect only the contributions 
from massive stars (stars of mass in excess of approximately 10 
solar masses) and associated Type II supernovae is strongly 
suggestive of a self-enrichment process for the Galactic globu- 
lar clusters. If self-enrichment were to occur, on a time scale 
short with respect to the time scale of evolution of low- and 
intermediate-mass stars, then one would expect to find that 
even the most metal-rich clusters would exhibit both the high 
O/Fe and Mg/Fe ratios and the r-process-dominated heavy 
element patterns which characterize massive star ejecta (and 
the abundances of the most metal-deficient field halo stars). 
The “ metallicity ” of a cluster, in this context, is simply a func- 
tion of the total number of supernova which have contributed 

BROWN, BURKERT, & TRURAN 

TABLE 1 
Globular Cluster Abundances: The oc-Elements 

Cluster References [Fe/H] [Mg/Fe] [Si/Fe] [Ca/Fe] [Ti/Fe] 

M71   2 
M71   4 
NGC 362   1 
NGC 3201   1 
NGC 3201   2 
47 Tue  1 
47 Tue  2 
M4   3 
M4   2 
M5   1 
M5   2 
MIO   1 
MIO   2 
NGC 6752   1 
NGC 6752   2 
NGC 4833   1 
NGC 4833   2 
M79   2 
M13   3 
M22   2 
M22   3 
M22   5 
NGC 5897   2 
NGC 6397   2 
M68   2 
M92   6 

-0.81 
-0.6--1.0 4-0.40 

-0.87 
-0.95 
-1.32 
-1.09 
-0.83 
-1.20 
-1.32 
-1.09 
-1.47 
-1.28 
-1.42 
-1.26 
-1.53 
-1.34 
-1.74 
-1.46 
-1.55 
-1.56 
-1.60 
-1.70 
-1.85 
-1.88 
-1.93 
-2.52 +0.61 

+ 0.38 +0.28 +0.24 
+ 0.15 +0.58 +0.30 

+ 0.65 +0.30 
+ 0.15 +0.13 

+ 0.23 +0.19 +0.18 
+ 0.44 +0.53 

+ 0.40 +0.13 +0.15 
+ 0.65 +0.59 +0.20 
+ 0.80 +0.46 +0.24 

+ 0.37 +0.20 
+ 0.59 +0.56 +0.39 

+ 0.38 +0.31 
+ 0.36 +0.45 +0.28 

+ 0.36 +0.25 
+ 0.48 +0.36 +0.17 

+ 0.30 +0.36 
+ 0.28 +0.48 +0.41 
+ 0.17 +0.22 +0.35 
+ 0.35 ... +0.60 
+ 0.44 + 0.36 + 0.40 

+ 0.10 
+ 0.40 

+ 0.38 +0.08 -0.04 
+ 0.44 + 0.27 + 0.07 
+ 0.44 + 0.42 + 0.02 

+ 0.31 +0.22 

References.—(1) Pilachowski et al. 1983; (2) Gratton & Sneden 1991; (3) Wallerstein et al. 1987; 
(4) Leep et al. 1987 ; (5) Lehnert et al. 1991 ; (6) Peterson et al. 1990. 
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TABLE 2 
Globular Cluster Abundances: The Heavy Elements 

Cluster 

M71   
NGC362 . 
NGC 3201 
47 Tue  
47 Tue  
M4   
M4   
M5   
M5   
NGC 6752 
NGC 6752 
NGC 4833 

References [Fe/H] [Zr/Fe] [Ba/Fe] [Eu/Fe] [La/Zr] 

-0.81 
-0.87 
-0.95 
-1.09 
-0.82 
-1.20 
-1.32 
-1.09 
-1.42 
-1.26 
-1.53 
-1.34 

-0.62 
-0.17 

-0.20 

-0.36 

-0.30 

-0.06 

-0.16 
-0.30 
-0.55 
-0.34 
-0.17 

+ 0.05 
-0.30 
-0.32 
-0.21 
-0.06 
-0.23 

-0.45 
-0.32 

-0.25 

-0.48 

-0.19 

+ 0.60 
+ 0.38 
+ 0.26 

+ 0.26 

+ 0.31 

+ 0.13 

References.—(1) Pilachowski et al. 1983; (2) Gratton et al. 1987; (3) Wallerstein et al. 1987. 

to the duster enrichment. It is the presence of such abundance 
trends in globular clusters that has provided the motivation for 
this work. 

Calculations of chemical evolution generally ignore the local 
eifects of the dynamical processes which return enriched 
material to the interstellar medium. These processes play a 
negligible role in chemical evolution throughout most of the 
Galaxy’s lifetime because the background metallicity is suffi- 
ciently high that the metals ejected by a few stars are insignifi- 
cant compared to the metals in the ambient medium. However, 
in a primordial environment of low initial metallicity they may 
play a major role. In such an environment, stars formed before 
system-wide mixing can take place will have their metallicities 
determined by the efficiency with which metals are dispersed 
locally. The most obvious candidates for such local contami- 
nation are the Galactic globular clusters. These systems are 
small enough that their metal contents can have been gener- 
ated by a few massive stars. Cayrel (1986) has shown that 
self-contamination could explain many of the observations 
concerning globular clusters. In addition, Fall & Rees (1985) 
have suggested that some degree of self-contamination may be 
unavoidable in globular clusters. In light of these various con- 
siderations, we therefore propose to examine the following 
model of globular cluster evolution. 

1. Proto-globular-cluster clouds will condense in a collaps- 
ing protogalaxy. Those clouds above critical mass are gravita- 
tionally unstable and contract to form a first generation of 
primordial (Z = 0) stars. Fall & Rees (1985) have shown that 
the minimum mass for this gravitational instability is of order 
106 M0. We assume that the first generation contains sufficient 
numbers of massive (M > 10 M0) stars to contaminate a cloud 
to a metallicity Z ~ 10" 2 Z0, but that only a small fraction of 
the cloud’s mass is converted into stars in this generation. 

Since Z = 0 stars are rare at best (see, e.g., Bond 1981), and 
since there is some theoretical evidence that star formation in 
metal-poor environments can be biased toward high-mass 
stars (Shu, Adams, & Lizano 1987; Mouschovias 1987,1989), it 
might be argued that this population contains primarily high- 
mass stars, and thus that there should be no residual com- 
ponent of zero metallicity stars to introduce a metallicity 
spread into the cluster. This may indeed be true. We believe, 
however, that the form of the initial IMF for this first stellar 
generation may not be a critical issue. Numerical calculations 
to be reported in a subsequent paper (Burkert, Brown, & 
Truran 1991) suggest that this stellar component will subse- 

quently be left unbound, and be lost, when more than half of 
the initial gas mass is driven away. 

2. As the massive stars evolve off the main sequence, stellar 
winds, ultraviolet photons, and supernova ejecta will sweep the 
surrounding gas into a “ supershell ” (McCray & Kafatos 1987 ; 
McCray & Mac Low 1988), which simultaneously sweeps up 
the surrounding H i cloud and is enriched by first generation 
supernovae. Turbulence behind the expanding shock wave is 
assumed to mix the enriched material with the ambient 
material. This phase continues until the entire cloud has been 
swept into the supershell. 

3. Once the shell emerges from the cloud, it is rapidly decel- 
erated by the pressure of the surrounding hot gas in which the 
cloud is embedded. Numerical simulations indicate that the 
shell slows to speeds of order 105 cm s"1 in a few million years. 
Once the shell has slowed to these speeds, it continues to 
expand quasi-statically as the first generation supernovae con- 
tinue to heat the interior of the supershell. Typically, clouds 
reach this slow, quasi-static expansion approximately 5 to 10 
Myr after the first supernova occurs. 

4. In the slowly expanding supershell, a second generation of 
stars forms; this generation is the currently observed gener- 
ation in the halo globular clusters. The stars do not, however, 
feel the pressure of the hot gas in the interior of the supershell, 
but rather are only affected by gravity. These stars can form a 
globular cluster only if the total mass of stars formed is suffi- 
ciently large that the gravitational binding energy of the stars 
(only) exceeds their kinetic energy : 

Supershells have sizes reaching typically 50 pc during this late 
stage of expansion, leading to a minimum globular cluster 
mass of about 104 M0. Of course, the system must also be able 
to survive the Galactic tidal field, and this increases the 
minimum mass by about a factor of 10. 

5. As the supershell, which now contains both second gener- 
ation stars and gas, continues to expand, the stellar component 
falls behind the gas and may become bound, while the residual 
gas is dispersed. For the stellar component to remain bound, 
we find that approximately 10%-20% of the gas must be con- 
verted into second generation stars. Even with this rather high 
efficiency, the system must typically lose 80%-90% of its initial 
mass. Any low-mass first generation stars will, therefore, be 
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lost from the system as well, since they formed in virial equi- 
librium with the initial potential. 

6. We expect that systems with such high star formation 
efficiencies (> 10%) are rare, and that most of the systems are 
rather left unbound. In our model, this is presumed both to 
provide an explanation of the origin of the field halo stars and 
to explain the relative rarity of globular clusters, compared to 
field stars. If we assume a total initial gas mass of 1011 M© (105 

protoglobular clusters of ~106 M©), a star formation effi- 
ciency of 0.1, and a yield y = 0.02, we find that a total mass 
~2 x 108 M© of metals would have been synthesized and 
reprocessed by halo stars. The protodisk gas, as it began to 
settle into the equatorial plane, would then have been enriched 
in metallicity to Z ~ 0.1 Z©, in agreement with observations. 
Since no more than 1 % of the present (visible) halo mass is in 
globular clusters (Woltjer 1975), it is natural to expect that the 
process of globular cluster formation is very inefficient. 

In this paper we will concentrate our attention on steps 2, 3, 
and 4, with our primary goal being to determine the metallicity 
of the second generation of stars. We will ignore, for the 
moment, the effect of gravity on the evolutions of the systems, 
because it can be demonstrated that the work done against 
gravity in systems of mass comparable to that of protoglobular 
clusters will be insignificant compared to the other energetic 
processes in the system. The question of the binding of such 
systems will be examined in a subsequent paper (Brown, 
Burkert, & Truran 1991). Section 2 identifies and reviews the 
critical features of the evolution of supernova remnants and 
derives simple analytic expressions for minimum and 
maximum expected metallicities of the globular clusters as a 
function of the mass ejected per supernova event. In § 3 these 
limits are examined in the context of current models of massive 
star evolution. Discussion and conclusions follow. 

2. EVOLUTION OF THE SUPERNOVA REMNANTS 

Broadly speaking, the evolution of supernova remnants is 
well understood (Spitzer 1978). Initially, the ejecta undergo a 
free expansion phase, until they have encountered and swept 
up a mass comparable to their own. At this point, a shock wave 
is formed and driven into the ejecta, thus heating it consider- 
ably. The ejecta and swept-up material become so hot that 
radiation is negligible, and the evolution is very well described 
by a Sedov (1959) blast wave. During this expansion, about 
12% of the energy of the supernova remnant is in thermal 
energy, and the rest is kinetic energy. This phase lasts until 
radiative losses become important and the stored thermal 
energy goes into radiation, rather than into work on the inter- 
stellar medium. After this transition, the remnant radiates its 
thermal energy, and the shock becomes approximately isother- 
mal. With the pressure of the postshock material no longer 
driving the remnant, it coasts into the ambient material at 
roughly constant momentum. This solution is more approx- 
imate than the Sedov solution, but it should nevertheless 
provide an adequate estimate of the mass of the interstellar 
medium polluted by the supernova, since the material acceler- 
ated during the adiabatic phase will continue to be diluted as 
long as the shock is present and continues to mix the ambient 
material into the shell. This phase comes to an end when the 
shell’s velocity slows to ambient sound speed and the shock 
dissipates. Several authors have considered the detailed solu- 
tions for the expansion in relation to the problem of globular 
cluster formation (Dopita & Smith 1986; Morgan & Lake 
1989). We consider this problem in the more general context of 

how the evolution of a number of high-mass stars might serve 
to enrich the local interstellar medium. 

During the early, nonradiative phase of the expansion, the 
shell proceeds outward at constant kinetic energy. Therefore, 
as more mass is swept into the shell, its momentum increases. 
Once radiation becomes important, the pressure force is lost 
such that the shell must expand at constant momentum, and 
therefore the kinetic energy of the shell is radiated away. The 
mass of the shell, at the point when the shell velocity reaches 
local sound speed, is then a function of the amount of kinetic 
energy remaining in the system. In order to express this quanti- 
tatively, we will consider a system of N high-mass stars, each of 
which introduces an energy E and a mass of metals mz into the 
surrounding medium. Defining M, Z, and V to be the final 
mass, metallicity, and velocity of the shell, and/c to be the 
fraction of the initial energy which is not radiated away (i.e., 
the mechanical efficiency of the expansion in converting the 
input energy into gas motion), we can write down two relations 
among these quantities. The first of these relations provides the 
definition offe9 while the second is the definition of Z : 

$MV2=feNE, (la) 

ZM = Nm2. (lb) 

In equation (lb), the quantity mz is to be understood to rep- 
resent an average over an appropriate initial mass function 
#m), 

mz = Í/N j" dm <f>(m)mz(m), (2) 

where mz(m) can be approximated as shown in our equation 
(18). Taking the ratio of the two equations (la) and (lb), we can 
eliminate the extrinsic parameters M and N. After rearranging 
terms, the final metallicity can then be expressed in terms of the 
remaining parameters as : 

Z=f;\±mzV
2E-1). (3) 

For a real system, mz and to a lesser extent E must be under- 
stood as average values. Nevertheless, most of the variation 
that occurs from system to system should be due to variations 
in fe. While it may be very difficult to determinefe for a particu- 
lar system, even given many details of the system, it is fairly 
straightforward to determine upper and lower limits on fe. 

The efficiency fe for the expansion of a single remnant, 
obtained by Spitzer (1978), is just the ratio of the final kinetic 
energy to the input energy. These factors, in turn, are simply 
related to the kinetic energy at the transition between the adia- 
batic and isothermal phases of the remnant’s evolution. We 
write 

h e )’ 
(4) 

where Mt and Vt are the mass and speed of the shell, respec- 
tively, at the point where radiation begins to dominate the 
shell’s evolution. The second term in equation (4) is the ratio of 
kinetic energy to total energy during the adiabatic phase, 
numerically equal to 0.28 (Spitzer 1978). The momentum of the 
system is constant during the snowplow phase, so one power of 
mass-times-velocity cancels in the first term, yielding a simple 
expression for the efficiency factor, 

fe = 0.28KF,-1 (5) 
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There are some uncertainties associated with this expression. 
First, the numerical value 0.28 is obtained for a blast wave 
associated with a single supernova. In the more general case we 
are considering, there may be many supernovae contributing 
to the shell. For such systems, the fraction of kinetic energy can 
be as high as 0.40 (Weaver et al. 1977). Second, the velocity in 
the shell will be a function of radius, and it will be close to but 
not identical to the shock speed. In spite of this uncertainty, the 
assumption that Vt is equal to the sound speed at 105 K yields 
the most efficient means of dispersing the ejecta, because radi- 
ation is thereby assumed to be negligible for as long as pos- 
sible, prior to reaching the peak in a metal-free cooling 
function (Fall & Rees 1985; Shull & Silk 1979). Since this 
behavior does not depend on the total energy available, the 
result obtained is unaffected by the number of supernovae. 

The lower limit on the efficiency is defined, alternatively, by 
allowing the maximum amount of energy loss by radiation. 
Intuitively, this is a more straightforward situation than the 
upper limit, since one need only skip the adiabatic expansion 
to ensure that no work is done on the surrounding medium. 
This then corresponds to a constant momentum expansion, 
and the efficiency is given by 

_ jMV2 

Je WeV2/ 
(6) 

where Me and Ve are the initial mass and velocity of the ejecta. 
As before, one factor of mass-times-velocity cancels, yielding 

fe^vv;1. (7) 

The ejection velocity will depend on both the mass ejected and 
the energy released in each explosion. First, however, it is 
appropriate to consider whether this lower efficiency limit can 
be realized by a real supernova. 

In the first stellar generation of a protoglobular cluster, we 
would expect to find a number of massive stars, rather like a 
modern OB association. The dynamics of the “ supershells ” of 
expanding materials swept up by early-type stars in such 
associations has been considered in detail by a number of 
authors (Weaver et al. 1977; McCray & Kafatos 1987; McCray 
& Mac Low 1988). In such systems, one usually supposes that 
the supernovae in the hot interior of a supershell evolve hydro- 
dynamically, much like an isolated supernova. It is possible, 
however, that the evolution may not be treatable with the 
usual hydrodynamic equations. A shock forms around an iso- 
lated supernova after its ejecta has interacted with an ambient 
mass comparable to its own mass, but this shock forms only 
because there is a magnetic field of a few //G frozen into the 
ambient medium (Spitzer 1978). The ambient magnetic field 
will already have been largely removed, for supernovae 
occurring in the interior of the supershell, so the ejecta should 
interact with the residual interior gas over a thermal mean free 
path rather than a gyration radius. 

The mean free path of an ejected particle in the low-density 
region interior to the shell can easily be found using standard 
results from plasma theory (e.g., see Nicholson 1983). 
Assuming a mean particle mass of half a proton mass, a veloc- 
ity of 2 x 108 cm s_1 for the ejecta, and an interior tem- 
perature of 107 K, one obtains a minimum mean free path of 10 

1 pc, for particles ejected in the supernova, where n,- is the 
interior particle density. For a typical particle density of 0.1 
cm-3 in the hot interior of the supershell, the mean free path is 
comparable to or greater than the supershell’s radius. For this 

condition, supernova remnants in the interior will undergo a 
free expansion until they reach the cold shell, and their energy 
will heat the shell rather than the interior. However, there is 
insufficient energy in a supernova to heat a supershell of > 105 

M0 to the point at which its evolution becomes nonradiative. 
This means that virtually all of the energy is radiated away, 
and the supershell’s momentum is increased only by an 
amount equal to the momentum of the ejecta itself. 

A potentially interesting question here concerns the possible 
effects of stellar winds on our estimates of the efficiency of 
dispersing the supershells. In matter of solar composition, it is 
clear that winds should provide significant energy input to 
drive the shell. We note, however, that we are concerned with 
the evolution of the spheroidal component of our galaxy’s 
globular clusters, for which the (primordial) composition of the 
first stellar generation is expected to be metal free. Kudritzki, 
Pauldrach, & Puls (1987) find that the effectiveness of such 
winds, as reflected in the energy output, is a strong function of 
the metallicity. For matter of composition Z ä 10-3 Z0, the 
energy in winds has fallen to less than 1 % of its value for solar 
abundances, and clearly for Z = 0 the effect should become 
more extreme. We therefore conclude that winds should not 
significantly influence the behavior of primordial globular clus- 
ters. We note, however, that winds may be relevant to the 
epoch of formation of disk globular clusters or of LMC or 
SMC globular clusters, which form from metal-enriched 
material. 

Incorporating the maximum and minimum efficiencies 
obtained in equations (5) and (7) into equation (3), and using 
the fact that Ve = (2E/m)0 5, one obtains, respectively, the 
minimum and maximum possible metallicities that can be 
expected to be achieved : 

z^^l.Wm'VV'E-1 , (8) 

zmax = 0.71m, Fm"0 ^-0'5. (9) 

We then have only to determine V to have our desired limits. 
Previous authors have taken V to be the local sound speed 
(Spitzer 1978). For velocities below sound speed, no additional 
ambient material is swept into the shell, since a pressure wave 
(rather than a shock) now propagates ahead of the shell, and V 
is the speed below which the ambient material is no longer 
mixed into the shell. V is equal to the local sound speed only if 
the shell remains well mixed down to that speed. If this is the 
case, then the shell and the second generation of stars will have a 
homogeneous composition. This is a critical issue, since the usual 
objection to models of self-enrichment is that the resulting 
systems must be inhomogeneous, while the globular clusters 
(with a few exceptions) are observed to be extremely homoge- 
neous. It is natural to expect that, in any system experiencing 
continuous star formation, there will be a spread in metallicity. 
However, in a system with two distinct generations, separated 
in time, such as we describe, the second generation will form at 
a single metallicity, provided the material from which the 
second generation forms is itself well mixed. This is the critical 
question. (It is essential to note that, in the context of our 
present discussion, we are concerned entirely with the implied 
metallicity spread of the second stellar generation. In pro- 
ceeding in this manner, we are tacitly assuming that, for what- 
ever reason, there exists no residual stellar component of zero 
metal stars. The justification for this assumption is presented in 
a later section.) 
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Mixing in the shell should occur, powered by the energy 
released as gas in the ambient medium is swept into the shell. 
The shell should remain well mixed as long as the mixing time 
is less than the mass accretion time. The shell accretes mass at 
approximately constant momentum, so the rate at which 
energy is dissipated per unit mass is 

è = É/m = 0.5m/mv2 = 1.5t;3r-1 , (10) 

where v is the speed of the supershell and r is its radius. From 
the theory of turbulence (Batchelor 1953), the specific rate of 
energy input needed to maintain a turbulent velocity VT at a 
length scale L is 

éT = VjLT1 . (11) 

This equation is valid for any velocity. Use of this expression 
will now allow us to show that there is sufficient energy re- 
leased by the accretion of the surrounding gas to drive mixing 
on a time scale that is short compared to the dynamical time of 
the shell. 

Equating the two energy dissipation rates then yields 

V/VT = 0.87(r/L)°-33 . (12) 

The mixing time and the mass accretion time are 

(13) 

iacc = m/^ = 0.33rt;-1 . (14) 

Taking the ratio of equations (13) and (14) and eliminating the 
velocities with equation (12), the ratio of the time scales 
becomes 

In the present context, L corresponds to the thickness of the 
shell. Using the detailed similarity solution for the snowplow 
phase, one finds that L/r is approximately 0.01. Therefore, the 
shell should remain well mixed down to local sound speed, and 
V is equal to the local sound speed. 

3. RESULTS AND DISCUSSION 

Our aim in this paper is to establish numerical limits on the 
achievable metallicity of a globular cluster-like stellar popu- 
lation. To accomplish this, we also require a knowledge of the 
metal production of the early population of massive stars. It is 
simplest, and sufficiently accurate for present purposes, to 
assume that the nucleosynthesis products of these stars are the 
same as have been calculated in detail for Population I objects. 
Weaver & Woosley (1986) give the following simple approx- 
imation for the mass (mz) of metals formed as a function of the 
mass (m) of the precursor star: 

mz = 0.4m — 4.2 . (16) 

Once again, m and mz are to be understood as averages (m and 
mz) over an appropriate IMF. The upper and lower limits are 
obtained by incorporating equation (18) into equations (9) and 
(10). In order to obtain numerical estimates, we adopt the fol- 
lowing values for the quantities of interest: £ = 1051 ergs; 
V = 106 cm s_1, corresponding to an ambient temperature of 
104 K; and Vt = 3 x 106 cm s_1, corresponding to a transition 
temperature of 105 K. For these choices, 

Zmin = 4.3 x 10-6(m- 10.5) ; (17) 

Zmax = 4.0 x 10"4(m - 10.5)m_o‘5 . (18) 

Mean Progenitor Mass 

Fig. 1.—Derived limits on self-enrichment as a function of mean progenitor 
mass 

These limits are plotted in Figure 1, as a function of the mean 
mass m. A comparison of these results with a histogram of 
[Fe/H] for the Galactic globular clusters (Figure 2) reveals an 
excellent agreement between the theoretical range of allowed 
metallicities and the range observed in the metal-poor globular 
clusters, for the choice of a mean mass of approximately 30 
M0. This metal-poor component is essentially Zinn’s (1985) 
halo population, which has the kinematic characteristics of a 
spheroidal population, as opposed to the disklike kinematics of 
the metal-rich clusters. The agreement between our derived 
limits and the observed range leads us to conclude that the 
heavy element abundances in the metal-poor clusters are very 
likely attributable to self-contamination. 

There are several additional constraints which are satisfied 
by this model. First, the lower limit is a quite general result, 
since the effects of multiple supernovae tend to increase abun- 
dances. Also, the inclusion of the effects of gravity will tend 
only to increase metallicities. This implies that stars forming in 
any system will rarely form near or below the lower limit 
derived here. Bond (1981) suggests that there is a cutoff in iron 
abundance in the halo at — 2.6, which is reasonably consistent 
with this result. While a deeper, more recent survey has 
revealed more stars below this limit (Beers, Preston, & Sheet- 
man 1985), the relative scarcity of such stars is well established. 

1.5 
(Fe/H) 

Fig. 2.—Histogram of [Fe/H] for Galactic globular clusters. Data is from 
Webbink (1985); only those clusters with well-measured subgiant branch 
colors and reddenings are included. 
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Furthermore, the range of allowed metallicities is determined 
almost entirely by the choice of E, and it is comparable to the 
width of the metal-poor peak, 1.0-1.3 dex, for any credible 
choice of E. Since the metal-poor stars show evidence of having 
been contaminated only by supernovae (Truran 1983, 1987; 
Pilachowski 1984), it is natural to seek to explain the observed 
lower limit in terms of the efficiency with which supernovae 
disperse their ejecta. If one establishes the lower limit on this 
basis, then the allowed range of metallicities in second gener- 
ation stars must fit the range observed in the halo clusters. 

Second, nucleosynthesis provides additional external con- 
straints which should be satisfied. One should find that the 
relative abundance patterns in the halo globular clusters reflect 
the nucleosynthesis expected from a typical progenitor. Truran 
(1983) noted that the metallicity pattern was consistent with 
that of the ejecta of a 35-50 star; Cayrel (1986) obtained a 
typical precursor mass of 25 M0. In general, reasonable agree- 
ment with observed abundance patterns follows from the 
assumption that the massive star (M > 10 M0) progenitors of 
Type II (and perhaps Type lb) supernovae are the dominant 
contributors. While the uncertainties in this approach are con- 
siderable, it is clear that a mean progenitor mass of ~ 30 M0 is 
consistent with the abundance patterns observed in the halo 
globular clusters, so nucleosynthesis constraints are satisfied as 
well. 

Finally, we wish to ensure that the model is self-consistent. 
The mean progenitor mass of 30 M0 was selected initially 
because it was found to be consistent with both nucleo- 
synthesis and time scale constraints. We now explore this latter 
question more carefully. Clearly, only those stars which can 
evolve while the shell is well mixed (i.e., prior to the onset of 
star formation) will have their ejecta mixed into the shell. The 
lower mass limit compatible with this time scale can readily be 
estimated. Turbulence (and associated mixing) will continue 
only as long as there is energy available to drive it. The 
assumed rate of energy loss requires that the kinetic energy lost 
in the shell be radiated, but this assumption remains valid only 
as long as the shell moves supersonically. Once the shell 
becomes subsonic, a pressure wave moves ahead of the shell, 
and the energy is dissipated in PdV work against the external 
pressure. This provides a constraint on the masses of those 
stars which can contribute to the enrichment of the shell. 

The shell receives the bulk of its energy after the most 
massive stars leave the main sequence, on time scales 3-5 Myr 
for stellar masses of 30-80 M0. Subsequently, the supershell 
evolves on a dynamical time of ~ 0.6r/c, yielding 1-6 Myr for a 
radius of 20-100 pc. Taking the midpoints of these ranges, we 
find that all stars with lifetimes less than ~ 7.5 Myr will con- 
tribute. However, the stars do not necessarily all form at the 
same time, so we expect that there may be a spread in ages 
comparable to the star formation time scale, of order 10 Myr. 
This time includes the stellar evolution time, so stars with 
lifetimes as long as 13 Myr can evolve. Converting these life- 
times into masses, we conclude that only the ejecta of stars 
with masses greater than ~ 17-24 M0 will be mixed into the 
shell. For such a lower mass limit, the mean progenitor mass 
(assuming a Salpeter IMF) is approximately 30 M0, consistent 
with our earlier assumption. It is important to emphasize that 
this mean value is obtained from hydrodynamic considerations, 
and not from the observed metallicities. The self-enrichment sce- 
nario described herein imposes this constraint on the mean 
stellar mass. In contrast, a value for the mean mass less than 20 
M0 would be appropriate if all “massive” stars (>10 M0) 
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contributed to the enrichment of the second generation. 
(Unfortunately, our knowledge of the nucleosynthesis contri- 
butions as a function of mass for stars in the range M > 10 M0 
is not sufficiently precise to allow us to discriminate observa- 
tionally between these two cases). 

Proceeding on this basis, we can estimate the internal spread 
in metallicity of the second generation within an individual 
cluster. The conservative estimate is obtained by assuming that 
all metals produced after the shell becomes subsonic are only 
partially mixed into the shell. The ejecta from all stars above 20 
M0 is expected to be well mixed. If the second generation also 
takes 10 Myr to form, the range in metallicities should be 
comparable to the fraction of metals which is not well mixed— 
that component resulting from the evolution of stars of mass 
below 20 M0. A 12 M0 star evolves in about 20 Myr, so this 
fraction is given by the ratio of all stars between 12 M0 and 20 
M0. For a Salpeter IMF, we obtain a value of 0.84, implying a 
variation in [Fe/H] of less than 0.1 dex. This is not the most 
favorable case, since in fact there is no apparent mechanism 
available to enable even partial mixing to occur. Turbulent 
mixing should end when the shell reaches local sound speed, 
while diffusion takes place on too long a time scale. It is also 
more consistent to have mixing end at Vf, which is taken to be 
the local sound speed. If this is the case, then the metals pro- 
duced by the stars below about 20 M0 will not be incorporated 
into the second generation at any level. This further insures 
that the second generation will be highly homogeneous, since 
all of its metal content will have been well mixed. 

4. CONCLUSIONS 

Our model for the formation and early evolution of the 
spheroidal component of the Milky Way globular clusters is 
based on the assumption that a first generation of stars formed 
in the central region of the proto-globular-cluster cloud on a 
time scale of the order of 10 x 106 yr. Stellar winds and super- 
nova explosions of high-mass stars then formed a metal- 
enriched supershell, which swept up the surrounding gas in its 
outward progress. We assume that the globular clusters 
observed today consist mainly of (a second generation of) stars 
that formed in this shell. We can draw the following conclu- 
sions concerning the relation between our model and observed 
globular clusters. 

1. A small, entirely self-enriched system of stars will typically 
achieve a metallicity in the range ~ 10-2 to 10“1 Z0 observed 
for the metal-poor (or halo) globular clusters. We have shown 
that the metallicities are constrained to this range by dynami- 
cal limits imposed by the dispersive physical processes associ- 
ated with supernova ejection. The metallicity depends mainly 
on fe, the fraction of the initial energy which is not radiated 
away during the shell expansion. The upper and lower limits 
onfe are given by the conditions that at most 8%, and at least 
0.4%, of the input energy is available. This implies a metallicity 
of globular clusters in the range of ~ 10~2 to 10“1 Z0, if the 
mean progenitor mass is -30 M0. This is approximately the 
mean mass of those stars that can evolve on the dynamical 
time scale of the supershell. 

2. The second stellar generation, and therefore the globular 
cluster as viewed today, should be expected to be extremely 
homogeneous in composition. Such a small internal metallicity 
spread, which is in agreement with observations, results from 
efficient mixing in the shell prior to the onset of star formation 
in the shell. 

FORMATION OF GLOBULAR CLUSTERS. I. 
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3. One critical question concerns the possible effects of the 
presence of a residual component of zero-metallicity low-mass 
stars from the (first) stellar generation that produced the 
observed abundance levels. It is possible that such a popu- 
lation never existed, because of the fact that only more massive 
stars M > 10 M0 were formed in the first generation of zero- 
metallicity stars (Mouschovias 1989). An alternative explana- 
tion of the absence of such stars is provided by the possibility 
that, during the subsequent evolution of the system, the 
residual stars of the first stellar population became gravita- 
tionally unbound and were lost from the cluster (contributing 
to the lower metallicity component of halo field stars). In a 
subsequent paper (Burkert et al. 1991), we will present the 
results of numerical studies which suggest that this may indeed 
occur. 

4. Our studies to date suggest that the chemical evolution of 
the spheroidal component of the galaxy was dominated by 
local mixing rather than global motions. 

5. In conclusion, we wish to emphasize that our finding that 
the self-enrichment of globular clusters leads to metallicities in 

the range ~ 10-2 to 10“1 Z0 is in no way inconsistent with the 
fact that there exist, for example, both Galactic and LMC 
globular clusters of higher metallicities. We do not argue that 
there cannot exist metal-rich clusters that were presumably 
born with significant primordial concentrations of heavy ele- 
ments. Rather, our models indicate only that the natural level of 
self-contamination lies in the range ~10-2 to 10“1 Z0, such 
that clusters containing no initial concentrations of heavy ele- 
ments will necessarily achieve a metallicity in this range. 
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