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ABSTRACT
The problem of the paucity of low-metal-abundance low-mass stars is discussed. One alternative
to the variable-initial-mass-function (VIMF) solution is proposed. It is shown that this solutionmetal-enhanced star formation-satisfies the classical test which prompted the VIMF hypothesis.
Furthermore, with no additional parameters it provides improved fits to other tests-e.g., inhomogeneities in the abundances in young stars, concordance of all nucleo-cosmochronologies, and a
required yield of heavy-element production which is consistent with current stellar evolution theory.
In this model the age of the Galaxy is 18.6 ± 5.7 x 109 years.
Subject headings: abundances, stellar - nucleosynthesis - stellar evolution - weak-line stars
I. INTRODUCTION

Historically the primary difficulty with models of the chemical evolution of the
Galaxy has been in achieving a satisfactory fit to the observed distribution of metallicity1 in G dwarfs (van den Bergh 1962; Schmidt 1963). In recent years other investigators (e.g., Truran and Cameron 1971; Fowler 1972a; Quirk and Tinsley 1973) have
followed the lea.d of Schmidt (1963) by employing variable initial mass functions (IMF)
to solve this problem.
There are related observational data which these models have not incorporated:
Eggen (1964, p. 600) states: "The evidence from this sample of stars near the sun
seems to conclusively demonstrate that large variations in the metal abundance can
exist for stars within any one age group."
Dixon (1966) discussed the frequency distribution of metal abundance in young
stars and concluded that there is a distribution in metal abundance in the present
interstellar gas.
Powell (1972), in a more recent attempt to study metal-abundance variations with
time, finds a scatter in metallicity at any given epoch. This appears to be a little larger
than one might expect from measurement inaccuracies alone.
Gustafsson and Nissen (1972) find metal abundances for young clusters which differ
by significant amounts. This implies inhomogeneities in the interstellar medium.
Schmidt (1963) recognized the possibility of a real variation in metallicity 0 at a
given time. He incorporated a Gaussian distribution in log 0 with a dispersion of ±0.2
* Present address.
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1 Unless explicitly stated otherwise, throughout this paper the term "metals" will be used
interchangeably with "heavy elements," meaning all elements with atomic number Z 2:: 6.
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and concluded that there was no appreciable affect on his calculated numbers. Many
subsequent model builders appear to have regarded the variable IMF as having settled
the matter, and they generally have disregarded the evidence for variation in 3 at a
given time.
In addition to the variable IMF solution, the flow of primordial matter (with assumed
low 3) into the Galaxy, as suggested by Oort (1969), has been examined by Larson
(1972) and by Quirk and Tinsley (1973). Although providing a possible solution to the
problem of G dwarfs, it does not necessarily explain the variation of 3 in stars of a
given age.
In this paper we investigate the evolution of a one-zone model of a galaxy with a
constant IMF, no mass inflow, and the following two assumptions about metal
abundances: (1) spatial variations in metal abundance exist in the interstellar gas, and
(2) star formation is enhanced by the presence of metals or by proximity to metalproducing events.
Individually, neither statement (1) nor statement (2) is an innovation of ours. The
previously mentioned observations that metal abundance is not monotonically related
to time lends support to statement (1). The discrete nature of metal-producing events
provides a physical basis for understanding the statistical variations. Inhomogeneities
in the interstellar gas have been discussed by Reeves (1972), and Field (private communication) has discussed similar effects.
The significant implications of combining statements (1) and (2) were briefly and
qualitatively discussed by Arnett (1971), who also mentioned possible physical mechanisms which suggest the second assumption. Searle (1972) showed explicitly how
Schmidt's argument for a variable IMF is altered by combining the two statements.
Searle discussed gradients in abundances across the face of disk galaxies, and his
discussion emphasized the effects of inhomogeneities during the collapse of the Galaxy
on the distribution of metal content in G dwarfs (as was employed by Schmidt). We
hasten to acknowledge that Searle points out that "any model of an inhomogeneous
collapse" will share the same features.
The model presented in this paper elaborates upon Arnett's (1971) discussion. We
emphasize not only the G-dwarf problem but also the abundance variations in young
stars mentioned previously. Our model is explicitly designed in terms of statistical
variations of abundances at all phases of galactic evolution and over relatively small
distances (perhaps no more than a few hundred parsecs); it applies equally well to
gradual variations owing to gradients in galactic disks.
There seems to be no compelling reason to assume that these effects of inhomogeneities occur to the exclusion of there being a variable IMF or mass inflow. To
disentangle which are occurring and their relative importance will require some care.
We have examined the various processes individually in some detail with the intent
of discovering differences subject to observational test. Because of an acute ignorance
of the basic mystery of the problem (just how do stars form?), galactic evolution
"theories" rapidly develop many undetermined parameters. Consequently, the problem of uniqueness is extremely serious.
We have attempted to mitigate these difficulties in several ways. First, we take the
position that theoretical models of stellar evolution are much better established than
are current concepts of star formation rates and of galactic evolution. Consequently,
we adopt a specific prescription for the end products of stellar evolution, the prescription
called Version II in Talbot and Arnett (1973; hereafter called TA73). The coefficients
in this prescription will be changed only as better stellar models become available.
They are not adjusted to give better-fitting Galactic models.
Second, because the parameters are both uncertain and numerous, it is important
not only to obtain numerical results from the computer but to understand how these
results will vary with different parameters and assumptions. We have examined a
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range of acceptable parameters, and by relying heavily upon approximation techniques (TA73; and Talbot and Arnett 1971, hereafter called TA71) we have attempted
to give the reader such an understanding.
Third, in an attempt to minimize the parameters in any one calculation, we have
treated separately the cases of (1) variable IMF, (2) mass infall, and (3) metal-enhanced
star formation (MESF).
For each of these cases it is fairly easy to construct models which satisfy the usual
classical tests. In this paper we discuss in detail only case (3), which has not been
examined in detail before. The variable IMF model is discussed briefly-to show the
advantages of MESF. Case (2) is discussed by Arnett and Talbot (1974).
Fourth, as much as possible we discuss nucleosynthesis in a manner which is independent of the history of the total stellar birthrate in the Galaxy.
In§ II we discuss the theoretical formulation of the model. In§ III the observational
data are discussed, and in §IV models are presented which fit the data. Section V
summarizes the results and discusses some observational tests.
II. THEORETICAL FRAMEWORK

a) Metal-Enhanced Star Formation (MESF)
At this time the process by which stars form is unknown. One of the goals of investigations of this type has been to ascertain whether certain parametrizations of the star
formation rate are consistent with observation. For example, Schmidt (1959) estimated
that if the star formation rate were proportional to the gas density raised to some power,
the power must be about 2. Later Schmidt (1963) invoked a variable initial mass function to solve the G-dwarf metallicity problem and estimated that a power of 1 was plausible. On occasion observers have attempted to estimate this power by relating bright
star counts or H 11 region counts to gas density (e.g., Sanduleak 1969; Hartwick 1971);
however, such observations require detailed models for a proper interpretation (Talbot
1971).
A basic feature of the theoretical ideas of how stars form (e.g., the review by
Spitzer 1968) is the criterion for gravitational collapse for a cloud of mass Mc:
Mc

~

32 M0rs12;n112,

where T and n are the mean temperature and particle density in the cloud. This suggests that star formation may occur in clouds suddenly compressed by Galactic density
waves, as discussed by Roberts (1969). Such gravitational collapse is facilitated by
low temperatures, i.e., large cooling rates. The existence of high-density, low-temperature clouds is apparently due to the thermal instability discussed by Field, Goldsmith,
and Habing (1969). This instability is produced by the particular temperature dependence of the cooling by c+ and 0. For lower abundances the instability occurs at
higher pressure. This together with depletion of heavy elements onto grains has been
invoked by Field (1970) and Meszaros (1972, 1973a, b) to discuss the dissolution of
clouds. Variations in abundances in the course of Galactic evolution will be important
in controlling the temperature and density of the clouds. Variations in heating rates
by cosmic rays (supernovae?) will also be important. It seems reasonable to hypothesize that the star formation process is enhanced by the presence of metal cooling
agents.
In the remainder of this section we sketch a crude model of how incomplete mixing
of the interstellar medium might occur and how a metal-sensitive rate of star formation might behave. This model merely represents one line of speculation. Its implications are quite interesting however, and to a large degree they are independent of the
details of the process.
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For simplicity we consider heavy elements as a single species 3 and group hydrogen
and helium together with abundance X = 1 - 3.
i) Increments in 0

The metal enrichment of the interstellar gas by a single supernova of mass MsN is
obtained if one knows the mass of metals ejected Ma.sN and the mass of interstellar
gas with which these metals are mixed Mmix· Two limiting estimates may be made by
assuming momentum conservation and energy conservation. If Vt is the turbulent
velocity of the interstellar gas and VsN is the velocity of the supernova ejecta, then one
obtains from momentum conservation

(lP)
and from energy conservation
MsN/Mmix '.:::'. (vtfvsN) 2 .

(lE)

The interstellar gas has Vt'.:::'. 14 km s- 1 • Type II supernovae are associated with
spiral arms and thought to be explosions of massive stars; massive stars are thought
to be the prime sites of nucleosynthesis. Models of the advanced evolution of massive
stars (Arnett 1972a, b, and in progress) are consistent with this view. Quantitative
models of Type II supernovae (Falk and Arnett 1973) suggest that most of the matter
has ejection velocities of order VsN ~ 2 x 103 km s - 1 . This is somewhat lower than
the maximum velocities inferred from Doppler shifts of line features. Consequently,
the two limiting cases are
(2P)
and
(2E)
Reeves (1972) has shown from a detailed analysis that the more realistic case is intermediate between these limits; using our parameters (VsN = 2 x 103 km s - 1 rather
than his 6 x 103 km s- 1 ) and his analysis, we have
(3)

These estimates are relevant for the" mixing" or equalization of energy and momentum; they indicate when the shock front degrades into random motions. This does not
necessarily correspond to actual microscopic mixing of A-fsN with Mmix· It is not clear
how such mixing occurs. If the density of the supernova material is reduced by expansion to be less than that of the interstellar medium, then some mixing would occur
by the Rayleigh-Taylor instability. It is unlikely that such mixing would be completely thorough, and consequently we would expect that the above estimate for
M sN/ M mix predicts more mixing than actually occurs.
Massive star explosions are not likely to be random. OB stars are found in associations 'Yith dimensions of the order of or less than that occupied by M mix· The OB
stellar lifetimes r 0 B are of the order of or less than the dissolution time of the associations. Consequently, a generation of OB stars in a given association may all use
approximately the same mass M mix to interact with as their expanding shells slow down.
Reeves (1972) estimates a slowing-down time rsiowing '.:::'. 106 years < r 0 B, so that the
explosions tend to not overlap. These considerations indicate that
M

"'~ "' ~ "' 3 x I0- 4 nSN'

Oo

-

Mmtx -

(4)
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where nsN is the number of supernovae in the mixing volume, and we have assumed
that about one-third of the mass of a typical OB star is ejected as heavy elements.
From Blaauw (1964) we find that the average OB star subgroup possesses about 14
stars of spectral type O-B3. Consequently a reasonable estimate should be
S3

~

4 x 10- 3

•

(5)

It should be clear that the various uncertainties make S3 uncertain by at least a factor

of 3.
ii) Time Scales

The previous discussion concerned the development of a localized region within
which 3 is increased by an increment S3 over a span of a few times 106 years. Over a
sufficiently long time scale, mixing will remove this inhomogeneity. We are interested
in the length of time required for a localized region of M mix ~ 103M SN ~ 10 4 M 0 to
be mixed with the remainder of the gas.
The characteristic time scale for diffusive mixing is
(6)

where,\ is the mean free path for turbulent elements and Vt is the turbulent velocity.
In the current local interstellar medium we adopt At ~ 100 pc and Vt ~ 10 km s- 1
(Spitzer 1968) and hence rmix ~ 3 x 10 7 (L/100 pc) 2 years. The extent of dilution
which occurs before stars form depends upon the interval l!.t between the supernova
events and the next star formation event, and it depends upon whether mixing will
occur throughout the interval l!.t.
There are two distinct processes which might initiate star formation and which
require separate considerations. First, if there is relatively prompt star formation after
the supernova (e.g., if clouds on the brink of gravitational collapse are compressed
by the supernova shocks), then !!.t < rmix and one may predict that the inhomogeneities above may produce inhomogeneous compositions among the newly formed
stars.
The second situation is that subsequent star formation occurs when some later starformation event occurs (e.g., the passage of a spiral density wave shock [Roberts
1969]). Currently in our Galaxy, in the idealized two-arm model, this results in an
interval /)./ ~ 2 x 108 years. This suggests that the inhomogeneity has time to diffuse
over a region of dimension L ~ 260 pc.
In the local solar neighborhood, 10 4 M 0 occupies a volume with characteristic
dimension of about 50-75 pc. The preceding indicates appreciable dilution of S3.
However, there are a vast number of uncertainties with this simple description: The
Galaxy has a much more complex structure than the idealized two-arm spiral. There
exist many "spurs" or interarm features; consequently, the interval between successive
star-formation events is probably less than 2 x 10 8 years. The interarm region possesses a gas density which is about 10 times smaller than the characteristic density in
arms; this means that dilution of M mix with an equal mass requires mixing over about
twice as large an L as in the higher-density arms and a longer mixing time r mix·
According to the discussion by Field (1970), the gas in the interarm region will tend
to collect in magnetic wells (Parker 1966) with spacings of about 500 pc. The collections of material in these wells are probably fairly well isolated from one another, and
consequently very little mixing will occur between them. If we assume that mixing
occurs only for the 3 x 107 years that material is in the high-density region behind the
spiral-wave shock, then we expect that dilutions of S3 will be by no more than a factor
of about 2.
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All of the above is based upon current conditions in the solar neighborhood of our
Galaxy. Other conditions could lead to other conclusions.
b) Equations for Evolution
i) The Inhomogeneous One-Zone Model

A one-zone model describes the evolution of a single system of gas and stars with
no mass exchange with other regions of a galaxy.
The fundamental equations of this study are (cf. TA71)

d:i = -f1'X1*

+ LX> IJdm(t

- Tm)Rm1dm,

(7)

where '§tis the fraction of mass in the form of gas of elemental or isotopic species i;
'§ = Lt r:1 1 is the fraction of mass in the form of gas; Xi = .'5if'5 is the average abundance by mass of species i in the gas; Xi* = w 1X 1 is the average abundance of species
i in newly formed stars; IJdm(t)dm is the birthrate of stars in the stellar mass interval
m to m + dm at time t; IJd(t) = JIJdm(t)dm (where the integration is from 0 to oo);
Rm1 is the fraction of its mass which a star of mass m returns to the gas in the form
of species i upon its death; and Tm is the lifetime of a star of mass m.
All masses will be measured in units of the solar mass, and all times are in units of
109 years. Summation over every species is denoted by Li·
The initial mass function '¥ m is defined by
'¥ m = IJdm(t)/IJd(t) ,

(8)

and in this paper it will usually be assumed to be constant in time.
As in TA71 and TA73, we adopt the prescription

Rmi =

L Qm11X/'

(9)

j

where we now explicitly display that Rmi depends upon the initial abundances in the
star which may or may not be identical with the mean abundance in the gas. For the
QmiJ prescriptions employed, we refer to TA73.
To facilitate an easier understanding of the nature and significance of numerical
solutions, it is convenient to discuss the analytic approximation which assumes that
all stars which eject significant amounts of mass do so instantaneously (the instantaneous recycling approximation, TA71). The nuclepsynthesis results may be discussed in
terms of the integral production matrix
(10)
and the related quantities

f =

L qtk (independent of k)

(11)

i

and the yield
Pi = qn/(1 - f) ,

(12)

where species i is a primary nucleosynthesis product of hydrogen (H = species 1).
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In the instantanepus recycling approximation the evolution of the chemical composition may be expressed in terms of the variable
y = In (1/c:#)

(13)

by the equation
(14)

In the homogeneous limit wi = 1, and equation (14) yields the standard results which
were discussed in TA73. In a fashion similar to that paper, by picking some primary
species z as a reference species (in TA73 we chose 12C + 16 0), one may rewrite equation (8) as

dX1 Lj q11w1X 1 - XtCwt + f- 1)
dX2 = q2 1w1X1 - Xz{w 2 + f - 1)

(15)

and then solve for X 1 as a function of X 2 • This allows one to relate different abundances
to one another with no reference to the history of f!I.
The history of the system is completely specified by the one relationship between
y and t given by
dy/dt = (1 - f)f!l/c:# •

(16)

For example, if one employs the birthrate

(17)
where v and

K

are constants,
y = (1 - f)vt
=

for

1

K _ 1 ln [1 + (K - 1)(1 - f)vt]

for

K

=

1

(18a)

(18b)

A specific relation between y and t is necessary only if one is discussing (a) data on
abundances as a function of time, or (b) nucleo-cosmochronology clocks.
The factor wt allows for the plausible circumstance that the star formation process
does not treat metal-rich and metal-poor clouds of interstellar gas equally. If the gas
is homogeneous, wt = 1; however, having all wt = 1 does not imply homogeneity,
only that star formation occurs in regions which on average have the average interstellar gas abundances. The w 1 do not appear in the equation governing c:#.
ii) The Form of w

For simplicity we consider the gas to be divided into two components: the fraction
x « 1 with metallicity 3h = 30 + 03 and the fraction 1 - x with the ambient metallicity
30 • The mean value of the metallicity in the gas is 3 = 30 + xo3. Reeves (1972) gave
x = 0.3-0.03 for the entire Galaxy. Given sufficient time for diffusion to act, all of
the medium would eventually attain the mean value. We assume, however, that the
mixing is sufficiently ineffective that we may disregard it, at least as a first-order
approximation.
The stellar birthrate in the regions of enhanced abundance 3h and ambient abundance
30 are xf!lh and (1 - x)fll0, respectively. The factors x and 1 - x are inserted in order
that the f!l's represent the birthrate per unit mass in each subsystem.
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The mean value of the metallicity in newly formed stars is

3*

=

=

1

x3h81h
xBlh

+ (1
+ (1

- x)3 0Blo ,
- x)Bl0

(19)

xBlh
]
- x)f!I o - x ·

(20)

so
w =

3*

3

83 [

+3

xf!Ih

+ (1

Consider two limits. First, suppose f!lh = !!10 ; i.e., the birthrate per unit mass is
the same throughout the medium. In that case w = 1. As the extreme opposite limit,
suppose xf!lh » !!10 ; i.e., star formation is greatly enhanced in regions with enhanced
metals. Then
w = 1

+ 83 (1

- x) ::'. 1

3

+ 83 .
3

(21)

Physically realistic situations will fall somewhere between these two extremes.
For example, suppose f!I is proportional to metallicity; this might occur if f!I were
proportional to the rate of cooling by heavy atoms, ions, molecules, and/or dust
grains. In this case
w = 1

+ x(l - x)(83/3) 2 ,

(22)

which varies from w = 1/x for 0 = x80 (when 00 = 0) to w ::'. 1 for 0 > 83. The
apparently large initial value for w is deceptive-it applies to second-generation (or
later) stars. First-generation stars would form under the conditions 00 = 83 = 0, in
1.
which case w
As another example, suppose f!I is a very small value until the metallicity attains a
critical value 0' and f!I is some larger value for larger metallicities. This might correspond to physical circumstances whereby thermal instabilities were triggered by cooling
mechanisms attaining a certain critical value. Under these circumstances

=

w=l

= 1 + (1 - x)(83/3)
=

1

oo + 83 < 3',
o' and Oh > o' ,

for

Oh =

for

oo

for

3o > 01

<

•

(23)

These cases certainly do not cover the set of possible situations, but they suggest
that most plausible prescriptions for the variation of f!I with metallicity will yield w
of the form
w

= 1 + a/3,

(24)

where a may vary between 0 and an upper limit of 80; a is not determinable a priori
without adopting a specific detailed model for star formation.
Given a theory prescribing the variation of Bl with metallicity, w may be explicitly
found and employed. Lacking a complete theory, we adopt equation (24) with a as an
estimated constant coefficient. The arguments above are intended merely to illustrate
the sort of physical situation which might lead to this form for w.
iii). Distribution Function for Metals

The model developed here is strictly qualitative and makes no detailed prediction
of a distribution function for the metal abundances found in individual stars. What is
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required is a probability function P(as) for finding an individual metal abundance
between 3s and 3s + dos· It is presumed that P(as) will be described by the two parameters 3* (the mean abundance of the stars) and 83 (a measure of the dispersion about the
mean). However, the mixing time Tmix, the production time Toa. and the interval
between star formation !it will enter by determining the extent of the dispersion.
It is presently not possible to disentangle the intrinsic dispersion of 3s from dispersions introduced by observational difficulties. Because the latter generally involves a
dispersion in log 3s (3s is generally measured by the ultraviolet excess), when necessary
to parametrize P(as) we will use

P(as; 3*, a) oc exp [-(log 3s - log 3*) 2/7Ta 2],

(25)

where a is the dispersion in log 3s·
We hasten to point out that the intrinsic dispersion portion of a is not another
arbitrary parameter. The intrinsic dispersion, a 100 is related to 83 in a straightforward
manner once given a specific model of star formation. In general,
a1n :::::::

(83/2)
0.43 <a*) '

(26)

where <a*) represents a time average for 3*.
c) Analytic Model
For a single idealized metal, 3, which is a primary product of H and 4 He, collectively denoted by subscript 1, equation (14) becomes

d3
dy =Po - [(w - 1)

+ wp3],

(27)

where

Upon adopting a prescription for w, this equation may be solved for 3(y) and 3*(y) =
w3(y ).
By adopting equation (24) as our prescription for w, the solution to equation (27) is
p - a
3 = - 3[1 - exp (-p 0y)]

Po

(28)

_,.. (p3 - a)y
and

3*

=

a +

a_,.. a +

(p 3

-

a)y ,

(29)

where the limits shown are valid for the cases of interest in the solar neighborhood.
The solutions in equations (28) and (29) reduce to the simple case discussed in TA 73
and Searle and Sargent (1972) when a = 0.
Although these equations are written for a prototype primary species 3, analogous
equations apply to every primary species and similar equations may be developed for
secondaries (TA73). We have verified the accuracy of our analytic solutions by detailed
numerical calculations as in TA71.
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III. OBSERVATIONAL DATA

a) Distribution of Metals in Stars

We have employed the analyses of Eggen (1964), Dixon (1965, 1966), and Powell
(1972) for the distribution of the numbers of F and G dwarfs which fall in intervals
of age and [Fe/H] = log (Fe/H) - log (Fe/H) 0 . (Hearnshaw [1972] has provided
more detailed abundances for 19 stars, at least 17 of which were from Eggen [1964].
We have not used this relatively small subset in our analysis.) These investigators
concluded that stars of a given age exhibit a dispersion in [Fe/H] and that there are
very few stars with [Fe/H] ~ -0.5. From the dispersion of [Fe/H] in young stars
these authors concluded that the interstellar medium in the recent past has been
inhomogeneous. The small increase in the mean of the distribution suggested that there
has been relatively little net enrichment of the interstellar gas by nucleosynthesis since
the oldest disk stars were formed. The paucity of low-metallicity stars has been interpreted as showing that in the early Galaxy the nucleosynthesis activity was high
compared to the formation rate of low-mass stars (Schmidt 1963).
In order to obtain the distribution of metallicity in stars·ofvarious ages, the analyses
of the basic observational data involve estimating ages and metallicity from absolute
magnitudes and colors. Obtaining reasonably precise relative ages is much more
important than absolute ages.
Eggen (1964) and Powell (1972) calculated ages from the position of a star relative
to observed cluster isochrones in the color-magnitude diagram. Comparing Eggen's
(1964) adopted magnitudes for individual stars with those given by him later (Eggen
1972) we find differences ranging from 0 mag to as much as 1.0 mag. A study of his
figures 1, 2, and 3 (Eggen 1964) shows that uncertainties of this size can move appreciable fractions of the stars into adjacent age groups.
Dixon (1965, 1966) based his age groups on (B - V) at turnoff. He assumed that
turnoff color is a unique function of age. However, models of Iben {1967) and Iben
and Rood (1970) show that the turnoff temperature is a function of composition.
Careful comparisons of these models with the procedure adopted by Dixon shows that
his discrimination in ages is precise to about a factor of 2. Eggen and Powell also did
not allow for the fact that theoretical evolution tracks do depend on metal abundance.
There is also a systematic effect in that stars with low 3 are assigned ages which are
too small. We do not use the observationally determined ages except to group stars
into the broad age groups discussed below. Thus, this systematic effect only increases
the dispersion-primarily in old stars.
Despite the aforementioned problems, we accept the principle that there exists a
distribution function P(os) for the metal content of individual stars of the same age.
For the time being we adopt the simplifying assumption that all primary metal products
are always in the same proportion to one another (for observational support see Pagel
(1968]; for theoretical support see TA73). Consequently our os may be related to
Powell's Fe/Hand Dixon's/= (Fe/H)/(Fe/H) 0 by os/o 0 = f
The data of Eggen, Dixon, and Powell are collected in a common representation
in figure 1. The distribution of the fraction of stars formed in a given time interval t
with metal abundance os is denoted N1( 08). The three time intervals correspond to the
three age groups defined by Eggen (1964). The results of the three investigators differ
in detail owing to different selection criteria for stars and different analysis procedures.
There is a general overall agreement, however. The actual number of stars which make
up each plotted point varies from (3, 2, and 2) for the three points defining group IV
from Powell's data to 20-30 for some of the points in the data from Eggen and Dixon.
By using different sources Eggen and Powell assigned different ages to the isochrones
defining boundaries of the age groups. For age groups II, III, and IV we adopt the
last third, middle third, and first third of the Galaxy's history, respectively. For the
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investigations. Numerals II, Ill, and IV denote the age group classifications of Eggen (1964)young, intermediate, and old groups, respectively. Fig ld shows the theoretical distributions for
two age groups (youngest and oldest) for two models: dotted curve, the standard conventional
model; dashed curve, the standard model with dispersion a= 0.2 superposed; solid curve, metalenhanced star formation with a = 0.47 3*{T) and a = 0.2.

curves from Dixon, groups II, III, and IV represent the last quarter, next-to-last
quarter, and first one-half, respectively, of the Galaxy's history.
Dixon (1966) characterized P(os) as being of the lognormal form, i.e., a Gaussian
in the variable [Fe/H]. We find that the data of Eggen, Dixon, and Powell are all
roughly consistent with a lognormal distribution with dispersion in [Fe/H] of order
a = 0.25 ± 0.10 and a mean os (which is defined as 0*) which monotonically increases
with time. From Eggen's (1964) three age groups we estimate a = 0.22, 0.35, and 0.14.
It is difficult to estimate how much of this variation in a represents a real variation
with time. It may reflect errors in assigning ages to stars with low metal abundance.
The sources which contribute to the total dispersion are the intrinsic dispersion in
os, random or systematic errors in the ultraviolet excess method to estimate metallicity,
and random or systematic errors in estimating stellar ages.
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Despite these difficulties, there exists in the metallicities of young stars a fairly
unambiguous dispersion somewhat greater than the dispersion of 0.10 to 0.15 (Wallerstein 1962; Eggen 1964) in the correlation of spectroscopic [Fe/H] and the ultraviolet
excess; for example, see Gustafsson and Nissen (1972).
At this time we attach little significance to the apparent variation in a with time,
although it could be a real effect. We do, however, attach significance to the systematic
increase with time of 0*, the mean value of Os·
b) Nucleo-Cosmochrono/ogy

As a guide to the acceptability of various models of Galactic evolution, the nucleocosmochronology clocks of species 235 •238 U, 232Th, 187 Re are useful. In addition to
these, we follow the short lifetime species 244 Pu and 129 1. The variable of fundamental
interest is the combination
(30)

where N 1 is the abundance of species i and P 1 is the production or yield for species i.
From the review of Schramm (1972) we have adopted the standard values for R(ij)
at the time of solidification of solid bodies (t0 ), the radioactive decay constants, and
the age of the solar system (4.7 x 10 9 years). For the Re-Os chronometer we adopt
the neutron cross-section ratio a(1 87 0s)/a( 186 0s) = 0.6 ± 0.1 (Fowler 1972b; Talbot
1973).
Owing to the uncertainty in the observed N 1 and theoretical Pi> Schramm quotes a
range of acceptable values for R(ij). We define a concordant interval for t 0 to be the
time interval within which computed R(ij) fall within the range given by Schramm;
for defining the concordant interval, only the long-lifetime chronologies are used.
IV. RESULTS

The problem of relating the theoretical value of X 1* to observational data is nontrivial. It is not appropriate to identify the theoretical X 1*(t = t 0 ) with (X1) 0 , the solarsystem abundance. This is because the latter need not be a good representation of the
mean abundance at time t 0 . Furthermore, the theoretical value involves y(t0 ) which is
unknown, although upon adopting a prescription for [Jjj(t) it may be calculated. Instead
of discussing X 1*(t0 ), it is most suitable to employ the mean abundance in young stars
so that we may use the present-epoch value y(T), where the present age of the Galaxy
is T = 4.7 x 109 + t 0 •
In contrast, when discussing relative abundances of different species, the solar-system
abundances will be adopted.
a) Mean Stellar Abundances

From both numerical and analytic results and the observational data reviewed in
figure 1, our estimates of 0*(T) and the coefficient a in equations (24) and (29) are
given in table 1.
TABLE 1
VALUES FOR MESF MODEL PARAMETERS
ESTIMATED FROM OBSERVATIONAL DATA

Source of Data
Eggen .............. .
Dixon .............. .
Powell .............. .

0.5 ± 0.1
0.5 ± 0.1
0.4 ± 0.1

1.4 ± 0.3
1.0 ± 0.15
1.0 ± 0.15
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We now must resolve whether a ~ 0.5 00 and 0*{T) ~ 1.1 00 are compatible with
theoretically expected values. To do this, it is necessary to know y(T). We adopt the
assumption that a cylinder perpendicular to the Galactic plane is a closed system
{thereby ignoring large-scale radial flows in the disk). Consequently, '.§ is the ratio
of the surface mass density of gas, 2:gas• to total surface mass density, Ltotal· From the
Galactic mass models of Schmidt {1965), Innanen (1966, 1973), and Vandervoort
(1970a, b) and the neutral hydrogen data of Kerr and Westerhout {1965) and of
Radhakrishnan et al. {1971) we estimate that '.§(T) = Lgas!Ltotai ~ 0.1 with values
from 0.05 to 0.20 possible. We therefore employ y(T) = ln [l/'.§{T)] = 2.3 ± 0.7. From
equation {29) we estimate
p3 = a
~

+ [3*{T) -

a]/y(T)

(0.75 ± 0.3)00

(31)

as the required heavy-element yield. This estimate requires no assumption about either
the actual age of the Galaxy, T, nor the form of the stellar birthrate function, f!.I.
In order to relate this required yield to the theoretical yield from stellar-evolution
calculations, we adopt the solar-system abundance of carbon plus oxygen we employed
in TA73:
{32)
with an uncertainty of the order of a factor of 1.5. Combining equations (31) and (32),
we find that the observations require
{Pco)obs

~

(0.9 ± 0.5)

X

10- 2

•

(33)

In table 6 ofTA73 we gave the theoretical values for p 00 using current stellar evolution
theory and a range of acceptable prescriptions for the initial mass function. These
estimates extended over the range 0.50 x 10- 2 to 1.7 x 10- 2 with
(Pco)th

~

(0.85 ± 0.35) x 10- 2

(34)

as our "best estimate." This range of uncertainty does not include an additional factor
owing to uncertainties in the lower portion of the initial mass function (the parameter
' discussed in TA73).
From equations (33) and (34) we conclude that the theoretical yield of carbon plus
oxygen is in excellent agreement with the observational requirements.
For reference we note that if we adopt a variable IMF scheme similar to that of
Truran and Cameron {1971; hereafter called TC), we find it necessary for the yield
p 00 to be (0.26 ± 0.08) x 10- 2 • Various modifications using other prescriptions for a
variable IMF produce similar results. TC assumed that most of the material which
we prescribe as being ejected as CO is retained in a stellar remnant, a massive black
hole. In this way they avoided overproducing CO. In contrast, stellar evolution calculations (Arnett 1972a, b, and in progress) suggest this material is ejected and p 00 is
larger than 0.3 x 10- 2 • This question-the theoretical CO yield versus the CO yield
required by observations-provides support for our MESF model over the variable
IMF model, although it is not conclusive. Our experiments with mass-infall models
indicate that they require yields approximately equal the theoretical yields.
What about the "observed" a of about 0.500 ? Is it consistent with the discussion
of w (eqs. [20]-[23]) and Do (eq. [5])?
The coefficient a is Do times an average of the bracketed quantity in equation (20),
which varies from zero to one.

© American Astronomical Society • Provided by the NASA Astrophysics Data System

1973ApJ...186...69T

82

R. J. TALBOT, JR. AND W. D. ARNETT

Vol. 186

The estimate of S3 is 4 x 10- 3 • Adopting 30 = 1.6 x 10- 2 as in TA73, we find
S3 = 0.2500 . This suggests a value for a somewhat lower than the observed value of
(0.5 ± 0.1) 00 . However, the uncertainty in all of these numbers is appreciable; we may
only state that the observational requirements are not in conflict with theoretical
expectations.
Although we cannot yet predict a priori the value of a, there is a clear-cut prescription for its value which invites the attention of star-formation theorists. A similar
statement applies to the variable IMF hypothesis. Our model has the advantage of
predicting a straightforward relationship between S3, a, and the intrinsic dispersion
am (eq. [26]). In the variable IMF hypothesis, an explanation of an intrinsic dispersion
requires the introduction of an additional hypothesis and parameters. Should the
existence of an intrinsic dispersion be more thoroughly verified, this relationship
between a1n and a may provide a method of distinguishing between models.
b) Metal Distribution: The Intrinsic Dispersion
It is easy to show that if P(3s), the distribution of metallicity in stars of a given age,
is a delta function, then the fraction of stars in mass range A possessing metal abun-

dance between 3* and 3* + d;,* is given by

Ni3*)d3* =Po - l

1

'¥ mdm<§(3*)d3*,

(35)

where <§(0*) denotes the quantity<§ at the time when 0* is attained by the newly formed
stars. In the instantaneous recycling approximation this is given by simply inverting
equation (30):
(36)
As was noted by Schmidt (1963), the distribution of metal abundance in faint stars is
independent of the birthrate &6.

With a dispersion in the metallicity, the distribution of metal abundance in individual
stars, 3s, becomes a convolution integral of equation (36) with P(3s; 0*, a) from equation (25).
We do not predict the shape of P(3s); we just adopt equation (25). Using equation
(26) we may make a theoretical prediction of the intrinsic dispersion a 1n· From the
previous discussion of (3*) and the rough estimate that a ~ 83, we estimate that
(35)
with an uncertainty of at least a factor of 2. This predicted intrinsic dispersion is
about the same size as the observational uncertainties in 3s, aobs• obtained from the
ultraviolet-excess method (Wallerstein 1962; Eggen 1964). The combined intrinsic and
observational dispersions are compatible with the estimates for the overall dispersion
a(§ Illa). Better agreement would be obtained if a1n were larger during the early phase
of the Galaxy. Such a time evolution for a 1n would not be inconsistent with any existing
ideas on the evolution of Galaxies. The only support we can submit is the apparent
time variation of a discussed in §Illa, but we are not yet convinced it is real.
The function N(os) (for stars with lifetimes longer than the age of the Galaxy) is
shown in figure 2 for a set of three calculations
1.

P(os) = 8 - function ,

a = 0.

2.

P(o8) = 8 - function ,

a = 0.33 0

3.

P(os) = eq. (25) ,

a

= 0.2 ,

•

a = 0.300 .
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Fm. 2.-The distribution of metal abundance in stars with lifetimes greater than the age of the
Galaxy. Curves for four models are shown: 1, standard model; 2, variable IMF, similar to Truran
and Cameron (1971); 3, metal-enhanced star formation; 4, Schmidt (1963) variable IMF with
q

=

2.

Each case has been normalized so that 3*(T) = 00 . The effects of separately varying a
and a are clearly shown. For comparison, figure 3 shows the data employed by
Schmidt (1963), Eggen (1964), van den Bergh (1962), and Dixon (1966). The criteria
for selecting stars varied somewhat between investigators, but they are approximately
comparable. It is evident that a ;): 0.3 00 and a ~ 0.2 are required.
This is the classical test which simple models with a = 0 fail and for which the
variable IMF was introduced by Schmidt (1963). By curve 4, figure 2 shows N(os) for
Schmidt's variable IMF with his parameter q = 2 and without any dispersion superposed; the effect of such a dispersion is obvious. With his parameter q = 1, N(os) is
almost constant. Although with q ~ 2 this form of a variable IMF is successful in
reducing N near 3s = 0, it does not accurately reproduce the entire observed distribution unless a dispersion is assumed. One may criticize that the observational data is
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Fm. 3.-0bservational data on the distribution of metal abundance in stars with long lifetimes
-generally greater than age of Galaxy.
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insufficiently precise to bear such close comparison, and indeed Schmidt (1963) made
his comparisons using a much less sensitive integral form for the N(os) distribution.
We do not attempt to refute such criticism, but merely present the alternatives. The
task of distinguishing which form of the distribution best fits the observations is best
left to those most familiar with the observational uncertainties.
The form of variable IMF employed by TC produces a N(os) curve very different
from Schmidt's-it yields curves essentially identical with curve 2 in figure 2. It is clear
that such models require the additional smoothing by a ~ 0.2. The variable IMF discussed by Fowler (1972a) is almost identical with that of Schmidt (1963).
Figure ld compares the standard conventional model and the MESF model in a test
against the Nlos) data for stars born in specified time intervals. The necessity of having
a ~ 0.2 is evident. It appears that for age group II one cannot distinguish between
the standard model with dispersion and the MESF models. Age group IV shows a
dramatic difference between those two models. Again, a variable IMF similar to
TC's, but with dispersion, can produce the same result as MESF. Our unpublished
infall models indicate that they do not fit the observed N(os) distributions unless
dispersion is assumed.
c) The Analysis of F Dwarfs by Clegg and Bell

After this paper was completed, the work of Clegg and Bell (1973) was received.
We translate their results into our notation as (3*) ::::: 1.33 0 , 3*(T) ::::: 230 , a ::::: 0.27,
and a ::::: 0.25 00 . Formally, these results yield p 3 ::::: 0.853 0 and a predicted a 1n ::::: 0.05.
The value of p 3 is not significantly different from the value obtained in equation (31).
The value for a 1n is somewhat smaller than obtained previousiy in equation (35), and
it is appreciably smaller than Clegg and Bell's observed a ::::: 0.27. This discrepancy
may be caused by the fact that their sample of stars does not contain many very old
stars (one needs G dwarfs to do that) and hence the estimates for the mean 3 of oldest
stars is not well established. Since this determines a and hence S3 and a 1n, it is not unreasonable to regard this discrepancy as being caused by insufficient data.
d) Time History of Metal Abundance and Nucleo-Cosmochronologies

To calculate a time history of a galaxy requires making an assumption about r!J(t).
In order to facilitate comparisons with other models, we adopt equation (11) with
K = 1 and v chosen so that y(T) = 2.3 ± 0. 7. In figure 4b we show the behavior of the
R(ij) cosmochronology variables for the standard conventional model (a = 0 and
a

= 0) which is essentially identical with the exponential model of Fowler and Hoyle

(1960). Figure 4c shows the results for our variable IMF model, and figure 4a shows
the results for the MESF model with a= 0.5 00 and 3*(T) = 1.1 00 . The effect of MESF

is to lock up heavy elements in stars faster than in the standard model. Consequently,
at any given time the heavy elements in the interstellar medium are always somewhat
younger than in the standard model at the same time. As a consequence, the R(ij)
all vary more slowly with time than in the standard model; this makes the concordant
interval occur at larger times. Specifically we find a concordant time interval for the
age of the G<1;laxy,
T = (18.6

± 5.7)

x 109 years,

for our MESF model with parameters which match the N(os) observations. The most
closely corresponding standard model [which however does not match the N(08)
observations] has
T

= (12.5 ± 3.3)

x 109 years .
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It is of interest to note that the short-lived 244 Pu- 1291 chronology is concordant with
the others in the standard model, but not by a large margin. Concordance is better in
the MESF model.
Comparison with models with a variable IMF depend upon one's choice of stars
which produce the r-process nuclei and one's choice of the IMF during the initial
burst of metal production. If the r-process is produced in the same stars which produce
3 (this is our assumption as well as that of TC), then for a variable IMF model which
satisfies the N(as) observations we find (fig. 4c)

T

=

10.0

± 2.5 x 109 years ;

and we find that the 244 Pu- 1291 chronology can just barely be made concordant by
picking the very extreme values of the R(ij) parameters. The alternative is to adopt
(with an extra parameter required for this single purpose) the model of a nucleosynthesis spike just prior to solar-system formation (e.g., Wasserburg, Schramm, and
Huneke 1969; Hohenburg 1969; Fowler 1972a).
In contrast with the variable IMF model, the MESF model automatically has the
same effects on the short-lived chronologies as the nucleosynthesis spike models
have. Reeves (1972) has also shown how inhomogeneities eliminate the requirement of
a spike. Should the refinement of abundances and production ratios narrow the range
of acceptable R(ij)'s to the point where it appears the conventional standard model
must be supplemented, metal-enhanced star formation supplies a ready-made alternative with no additional hypothesis necessary over and above the one already necessary
to explain N(3 8 ).
The iodine chronology yields S ::::: (0.1 ± 0.02) x 10 9 years for the time between
cessation of nucleosynthesis and solidification of solar-system bodies. This suggests an
explanation by the supposition that the last iodine contribution occurred when the
solar-system material was last enriched by a wave of star formation triggered by a
spiral wave. This enriched region then survived for about 108 years, at which time the
subsequent spiral-arm passage triggered star formation in the enriched material out
of which the Sun was then formed. This is consistent with the second of the processes
discussed in§ Ila(ii). As has been emphasized by others, this increment S has a very
narrow allowed range which is about the same for any nucleosynthesis model. This
places strong constraints on models of the sequence of events just described.
The estimates for the nucleo-cosmochronology age for the Galaxy, T, the globularcluster age, TGc• and the expansion time for a Friedmann universe, T0 , have not always
been consistent with one another. In the past decade both TGc and T 0 have been
estimated to be roughly consistent with the cosmochronology time from the standard
model, about 12.5 x 109 years. In recent years, however, Sandage (1972) has lowered
the estimated Hubble constant which increases the Friedmann time to T 0 = 15 ±
1. 7 x 10 9 years for his estimated deceleration parameter q0 = 0.1. The range q0 = 0
to 2.0 yields T 0 = 17.7 ± 2 x 10 9 years to 8.2 x 109 years. A recent investigation of
RR Lyrae stars (Tuggle and lben 1972) has decreased their estimated helium abundance,
which increases the globular-cluster ages by about 15 percent. This alters the age
estimates oflben and Rood (1970) from about 13 x 109 years to about 15 x 109 years
(each with a several-billion-year uncertainty). These new estimates for Tac and T 0 are
not in conflict with our MESF nucleo-cosmochronology age. We note that our derived
galactic age T has considerable uncertainty, and would be consistent with T 0 and
Tac as low as about 13 x 109 years. Our model in its present form would be inconsistent with a Hubble constant greater than about 75 km s- 1 Mpc- 1 •
V. SUMMARY

The model discussed here is based on taking at face value the observational data on
the distribution of metals in stars. By incorporating inhomogeneities in the metal
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abundance of the interstellar medium together with the hypothesis that star formation
is enhanced by the presence of metals (or proximity of metal-producing events) we
alter the standard conventional model of Galactic evolution in the following ways:
1. Two quantities are introduced: a and a. They are not independent (eqs. [20],
[24], and [26]), nor are they free parameters. We have argued for their approximate
values on the basis of general physical grounds. Their values would be derivable from
a complete theory of star formation.
2. With no ad hoc assumptions about stellar-evolution end products, the required
yield of heavy elements matches very well the theoretical yields from stellar evolution.
This is also true of the standard model (TA73) and our unpublished infall models. For
the variable IMF model there is an embarrassment of overproduction which requires
ad hoc assumptions not substantiated by current stellar-evolution calculations.
3. Although in the standard conventional model the short-lived radioactivities are
concordant with the others, they are just barely so. Refinements in nucleo-cosmochronology may require modifications to the standard model (e.g., nucleosynthesis
spikes just prior to solar-system formation). The metal-enhanced star formation model
automatically incorporates features similar to these "last spikes." Also, the isolation
time 8 '.: : :'. 108 years is naturally incorporated.
4. Our Galactic age of 18.6 ± 5.7 x 109 years is in good agreement with current
estimates of globular-cluster ages and expansion times for the Universe.
.
5. Foremost of all, the problem of the paucity of G dwarfs with low metal abundance
is solved in a straightforward simple way which incorporates the available data-the
data on stars with short lifetimes as well as those with long lifetimes. Only the stars
with long lifetimes were the basis of the statement of the problem by van den Bergh
(1962) and Schmidt (1963).
There are many observational tests required to substantiate the assumptions made
in this paper; for example:
1. Are the dispersions in the apparent metal abundances of young stars intrinsic, or
are they due to observational problems? Are there dispersions in the metal abundances
of stars in the same cluster? same association?
2. We predict that the metal abundance in the interstellar gas should be variable
by a factor of about 2, and the metal abundances of young stars should be in the upper
portion of that range. It is not clear to us that present observational techniques and
interpretive theories are capable of making such close comparisons.
3. The relative abundances of heavy elements also may be variable, especially the
relative abundances of primary species (e.g., 12 C and 16 0) to secondary species (e.g.,
14 N) and the relative abundances of primary species from short-lived stars (e.g., 12 C
and 16 0) to those from long-lived stars (e.g., 3 He if it is not all consumed in the late
stages of stellar evolution-see TA73). Some information exists on these types of
correlations (e.g., Pagel 1968; Arnett 1971), but more precise information is required
to distinguish intrinsic dispersion from observational uncertainties.
4. There exists a general correlation between obscuration by dust and column
density of neutral hydrogen (Lilley 1955; Heiles 1967). The dispersion about the mean
is about 50 percent. How much of the dispersion is due to observational uncertainty?
How much is due to variations in H 1 depletion by H 2 molecules? How much is due to
variations in the fraction of heavy elements deposited on grains? And how much is
due to variations in the abundance of heavy elements?
5. Savage and Jenkins (1972) find correlations between the column densities of Na,
Ca, and H, but they find Na/Hand Ca/H underabundant (compared to the Sun) by
one and two orders of magnitude, respectively. The correlations have scatter of a factor
of about 3. They also find a correlation between the column density of H and dust,
and it also has a large scatter. Again the questions in (4) are relevant. Also, can the
underabundance of Na and Ca be completely accounted for by depletion onto grains,
or may it be indicative of our general expectation that Ogas is less than 3stars '.:::::'. 30 ?
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