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Chronology of the Gala: 

Ages obtained by radioactivity studies 

spectroscopy are not necessarily in confl 

Donald D. Cla. 

There are two well-established ob- 
servational techniques for determining 
the age of our galaxy. The first of these 
delineates one of the most active areas 
of contemporary astronomy-determi- 
nation of the ages of clusters of stars 
having a common origin. The ages of 
stellar clusters place a lower limit on 
the age of the galaxy, since the galaxy 
is, by definition, at least as old as its 
oldest member object. The electromag- 
netic spectrum of the stars within a 
cluster reveals, moreover, the relative 
abundances of metals and hydrogen in 
the composition of the cluster. Cor- 
relation of the metal content of clusters 
with the ages of the clusters then pro- 
vides an indication of the rate at which 
the synthesis of the metals has occurred 
throughout the history of our galaxy. 
This interpretation of the metal-age cor- 
relation is based on two important 
assumptions that are now widely be- 
lieved to be valid: (i) that the compo- 
sition of the surfaces of stars reveals 
the composition of the gas out of which 
the stars formed, and (ii) that the 
heavy elements in our galaxy have been 
synthesized in the interiors of stars in 
our own galaxy by nuclear reactions. 
I return to the results of this method 
later. 

In the second technique use is made 
of the systematic nuclear properties of 
radioactive decay and of nucleosyn- 
thesis to determine the time of forma- 
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have an entirely different history of 
heavy-element enrichment. Whether or 
not the composition of the galaxy be- 
came uniform, with time, would have 

SY depended upon whether the rate of star 
formation was uniform and upon the 
extent of mixing in the interstellar 

and medium--questions that are themselves 
unsettled. On the other hand, because 
of our powerful telescopes, the first or 
astronomical method can be used to 

yton ascertain ages of objects throughout 
our galaxy. It is important that we 
keep in mind this fundamental distinc- 
tion between the two methods. 

There are three important conditions 
lents that even- that must be met in using a radioactive- 
ormed our solar decay scheme to date any nucleosyn- 
i of the process. thesis event. First, it is clear that both 
very long half- the present abundances and the abun- 
the material of dances of the radioactive species at 
e of these long- the time of the event must be known. 
s are clearly the Second, the intervening history must be 

of nucleosyn- known in order that we may be sure that 
rlier in the his- no physical effect other than radioactive 
rhese particular decay has altered the relative abundances 
.d at the same of the radioactive species in question. 
nucleosynthetic Third, in order that the radioactivity 

mmon elements method may have sensitivity, the half- 
y examining the life of the radioactive species used must 
of both the par- be of the same order of magnitude as 
nuclei of these the age to be measured. This last re- 
lay use the tech- striction is a severe one, for the ages 
dating to ascer- involved are long indeed. For example, 
these elements the age of our earth is known from 

t of this article radioactivity dating techniques to be 
results of this almost 5 billion years. Furthermore, 

the ages of the oldest clusters of stars 
id method one appear to be in excess of 20 billion 
ieasurements of years. It would seem, then, that this 
es of relatively technique is limited to species having 
'his information half-lives in the range of 1 billion to 
from objects in 100 billion years. Only four radioac- 
larily from the tive species meeting these requirements 
neteorites. Thus, have been shown to be useful. The 
nay attempt to most important characteristics of those 
s the history of decay modes are listed in Table 1. The 
y condensed to question mark after the half-life of 
and the rate at Re187 indicates that considerable doubt 
re added to that remains as to the exact value. We will 
tory of nucleo- examine how each of these decay modes 
o our solar sys- may be used to ascertain the time and 
t in some other duration of nucleosynthesis. 
ld, conceivably, The uncertainty in the intervening 
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history between the time of formation 
of the radioactive species in stellar nu- 
cleosynthesis and the incorporation of 
those elements into the solar system 
offers no sizable problem. We need 
only assume that no chemical differ- 
entiation occurs in the gas in the inter- 
stellar medium. Since it is difficult to 
imagine any physical process for sepa- 
rating elements in the interstellar medi- 
um, this last assumption is quite justi- 
fied. For each decay mode there are a 
number of problems concerning deter- 
mination of the initial solar-system 
abundances, however. I mention briefly 
the problems associated with each de- 
cay mode when considering the chro- 
nology. 
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Fig. 1. The chronological model of the 
rate of nucleosynthesis used to compute 
the abundances of radioactive nuclei and 
of their daughter nuclei in the interstellar 
medium at the time of formation of the 
solar system. 
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Fig. 2. Loci of points in the f,T plane 
which give the specified values of %u 
at the time of formation of the solar 
system. T, Time at which the synthesis 
of heavy elements began, measured back- 
ward in billions of years (Gyr) from the 
time of formation of the solar system; f, 
the ratio of the rate of nucleosynthesis at 
t = 0 to the initial rate of nucleosynthesis 
in the galaxy; XIT, the initial ratio of U35 
to U238 in the solar nebula divided by the 
ratio for the rates of production of those 
two nuclei in the single events of nucleo- 
synthesis. 
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Even if all the other difficulties can 
be resolved, a galactic age can be cal- 
culated only on the basis of a specific 
model of the average rate of nucleo- 
synthesis as a function of time and 
place. Here I use a very simple model 
of the rate of nucleosynthesis to esti- 
mate the chronology of the solar-system 
elements (see Fig. 1). The origin of 
time, t = 0, represents the time of for- 
mation of the solar system, and time 
is measured into the past from that 
point. I assume that the synthesis of 
the neutron-rich heavy elements, which 
include the long-lived radioactive nuclei 
of Table 1, began at a time T before 
the formation of the solar system and 
decreased exponentially as eAt. (Note 
that t is measured backward in real 
time.) It follows that the rate of nu- 
cleosynthesis at the time of formation 
of the solar system is e-AT times the 
initial rate of nucleosynthesis in the 
galaxy. 

The use of the simple model of Fig. 
1 is based on some uncertain physical 
assumptions. If the site of some nucleo- 
synthesis event is a supernova explosion 
or any other common stellar event, we 
may cite the large number of such 
events that occur as justifying the re- 
placement of points representing dis- 
crete events by a curve representing a 
smooth and continuous rate of nucleo- 
synthesis. For instance, there are some 
millions of supernovae events per bil- 
lion years per galaxy. If the interstellar 
gas in a galaxy is at all well mixed, this 
large number of events must produce 
something closely approximating a con- 
tinuous rate of nucleosynthesis. If the 
rate of nucleosynthesis is also propor- 
tional to the rate of star formation, and 
if the rate of star formation is propor- 
tional to the gas density, an exponen- 
tial decline in the rate of nucleosyn- 
thesis is a logical result. 

Uranium-Isotope Chronology 

The first of the radioactivity chro- 
nologies depends upon the difference 
in the rates of decay of the two isotopes 
of uranium. Due to its much shorter 
half-life, U235 is considerably less abun- 
dant than U238, the accepted (1) pres- 
ent-day ratio, or (U235!/U238)., being 
0.00723. By exponential extrapolation 
from this abundance ratio backward in 
time, we may compute the value of this 
ratio at the time the solar system 
formed, (U235/U238)o. For instance, if 
we take the age of the solar system to 

be 4.6 X 10 years (2), then (U235/ 
U238) = 0.31. The exact value de- 
pends upon the age taken for the solar 
system-that is, for the logistics of this 
problem, the length of time since the 
solar nebula withdrew from the prod- 
ucts of fresh nucleosynthesis in the 
interstellar medium. I will tentatively 
take this time to be somewhat greater 
than the geological age of the earth. 
If all the uranium had been synthesized 
in one event, we could extrapolate from 
the present abundance ratio back even 
farther in time until we reached the 
value for the abundance ratio for the 
uranium isotopes at the time of this 
initial event. Of course, all of the ura- 
nium was not produced in one event; 
its production was distributed in some 
undetermined manner throughout ga- 
lactic history. I will denote by R the 
ratio of the abundances of U235 and U238 
produced in each single event of nucleo- 
synthesis. Using the model for the rate 
of nucleosynthesis shown in Fig. 1, we 
may easily integrate the ratios for abun- 
dances of uranium remaining at t = 0 
from the amounts produced in each 
single event of nucleosynthesis and ob- 
tain the following equation: 

u 1 U235o X- ku j 

A - X238 exp [(A - X23a) T] - 1 
A- X35 exp [ A- X238)T]- 1 

In f + X38T exp (- X235T) - f 
In f + X2sT exp (- X23T) - f (1) 

I have defined the quantity xu as the 
ratio of the abundances of the uranium 
isotopes remaining at the time of for- 
mation of the solar system normalized 
with respect to the ratio of the abun- 
dances of the isotopes produced in each 
single event. I have also introduced the 
quantity f, which is the ratio of the rate 
of nucleosynthesis at the time of forma- 
tion of the solar system to the initial 
rate of nucleosynthesis in the galaxy- 
that is, to the rate at time T. This 
quantity f is related to A and T by the 
expression f = exp -AT. 

Let us examine Eq. 1. Presumably 
the ratio (U235/U238)., which represents 
the relative primordial abundances of 
the two isotopes in the solar system (the 
"primordial isotope ratio"), and the 
ratio R, which represents the relative 
abundances of these two isotopes in any 
single event of nucleosynthesis (the 
"production ratio"), may be somehow 
determined. The ratio xu of the pri- 
mordial isotope ratio to the production 
ratio is a pure number to be deter- 
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mined without regard to galactic chro- 
nology. The right-hand side of Eq. 1, 
on the other hand, is a function of the 
two parameters f and T. We may view 
the equation as a relationship between 
T and f. This relationship is plotted in 
Fig. 2 for three different values of xu: 
0.230, 0.188, and 0.150. Figure 2 has 
the following meaning: If xu has the 
value given for any one of the three 
curves, then all possible values of f and 
T are given by all the possible points 
lying on the curve. 

The evaluation of xu is fraught with 
minor uncertainties. The value for the 
primordial isotope ratio depends upon 
the time taken as the time of formation 
of the solar system, and the production 
ratio for the two uranium isotopes in 
each single nucleosynthesis event can- 
not be experimentally determined at all. 
It is necessary that R be computed from 
the theory of nucleosynthesis. In the 
latest theoretical calculations of this 
production ratio, Fowler and Hoyle (3) 
conclude that R - 1.65 - 0.15, where- 
as Cameron (4) estimates that R - 

1.45 - 0.15. The difference in these 
two estimates reflects the uncertainty 
involved in the theoretical calculations. 
Using Fowler's "most-probable" pro- 
duction ratio R = 1.65 and the primor- 
dial isotope ratio (U235/U238)o = 0.31 
given above, I calculate a "most-likely" 
value for xu of 0.188 (the middle curve 
of Fig. 2). The two other curves, xu 
= 0.230 and xu = 0.150, delineate the 
range of values thought to be at all 
reasonable. I expect, on this basis, that 
the most-likely values for f and T will 
fall on the middle curve of Fig. 2. 

Thorium-Uranium Chronology 

We may interpret the Th"22/ U abun- 
dance ratio in much the same manner. 
In fact, a completely analogous equa- 
tion is obtained: 

1 {Th232 _ 
XTh R'U238 J - 

In f + X238T exp (-X232T) - f 
In f + X2T exp (- XsT) - f/ ) 

where R' is the production ratio for 
Th2" and U28 in the single nucleosyn- 
thesis events. As is apparent, the sym- 
bol XTh stands for the primordial isotope 
ratio, (Th 23/U238), divided by R', the 
production ratio for the two nuclei. 
The other symbols have obvious and 
consistent meanings. The values for f 
and T that satisfy this equation for vari- 
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ous values of XTh are shown in Fig. 3. 
As in the case of the uranium iso- 

topes, the application of this method 
depends upon determination of the val- 
ue for XTh. The production ratio for 
Th232 and U238 for each single event of 
nucleosynthesis has the same funda- 
mental uncertainty as has the corres- 
ponding ratio for the two isotopes of 
uranium. From theoretical considera- 
tions, Fowler and Hoyle conclude that 
R' = 1.65 -- 0.15, whereas Cameron 
concludes that R' = 1.65 is a lower 
limit for this particular production ratio 
and its most-probable value as well. 
The primordial isotope ratio (Th232/ 
U238)o, on the other hand, depends criti- 
cally on the value determined for the 
ratio of the present-day abundances of 
thorium and uranium. Because of the 
long half-life for differential decay (5) 
between Th232 and U238, 6.68 billion 
years, the primordial abundance ratio 
is relatively insensitive to the time as- 
sumed for the time at which the solar 
system formed. This last fact means 
that the uncertainty in (Th232/U238') is 
due almost entirely to uncertainties in 
the ratio for present-day abundances of 
thorium and uranium, the relationship 
being (Th22/U238)o 0.62 (Th/U)nov.. 
Since the ratio for the present-day abun- 
dances (6) is generally believed to be 
3.8, we see that the most-probable value 
for XTh is 2.35/1.65, or 1.42. The curve 
corresponding to this value of XTh is the 
middle curve of Fig. 3; the outer curves 
represent the maximum uncertainty to 
be expected for XTh. 

Osmium-Rhenium Chronology 

As I have recently shown (7), a 
chronology of nucleosynthesis may also 
be calculated from the isotopic compo- 
sition of the element osmium and the 
ratio of the abundance of osmium to 
that of rhenium. This calculation is 
based on the supposition that the beta 
decay of the nucleus Re'87-which is 
made in the same events of nucleosyn- 
thesis as are the isotopes of uranium 
and thorium-increased the abundance 
of Os187 during the interval between 
the creation of Re187 and the formation 
of the solar nebula. I denote that por- 
tion of the solar-system abundance of 
Osl87 that is due solely to the decay of 
Re187 during this interval by Osl87c (which 
stands for cosmoradiogenic Os187). The 
primordial Os187 in the solar nebula had 
two distinct components: (i) the Os187 
due to the normal mechanisms of heavy- 

Table 1. Long-lived radioactive nuclei. 

Parent Type of Half-life Daughter 
nucleus decay (X 109 yr) nucleus 

U235 Alpha 0.7 Pb207 
U238 Alpha 4.5 Pb206 
Th232 Alpha 13.9 Pb208 
Re187 Beta 40 (?) Os181 

element nucleosynthesis, and (ii) the 
cosmoradiogenic Os"18 due to the decay 
of Re187 in the interstellar medium. The 
whole idea of using the Re"87 beta decay 
as a measure of the chronology of nu- 
cleosynthesis depends crucially upon 
the ability to obtain a value for Os18c-- 
that is, to be able to say what fraction 
of the primordial Os'87 actually resulted 
from the decay of Re187 in the inter- 
stellar medium. 

The key to this division of the pri- 
mordial abundance of Os"87 lies in re- 
alizing that, in the processes of stellar 
nucleosynthesis, Os187 and Os"18 are syn- 
thesized only by a process of neutron 
capture at a slow rate, the so-called s 
process (7, 8). It has now been experi- 
mentally demonstrated (9) that nuclei 
synthesized only by the s process have 
abundances that are inversely propor- 
tional to their neutron-capture cross 
sections. It must be true, therefore, that 
the amount of Osl87 synthesized by the 
s process is given by 

Os187 a(186) Os188 
-(187) (3) 

By subtraction we may obtain an ex- 
pression for the amount of cosmora- 
diogenic Os187: 

Os187 = (Os18O7) - Os187S (4) 

where Os187 is the primordial abun- 
dance of Os 187 in the solar nebula. For 
purposes of chronology a more useful 
quantity is the ratio of the abundance 
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Fig. 3. Loci of points in the f,T plane 
which give the specified values of XTh at 
t 0. 
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Fig. 4. Loci of points in the f,T plane 
which give the specified ratios for the 
abundance, at t = 0, of the cosmoradio- 
genic Os187 to the abundance of the par- 
ent Rel'7. The time axis represents real 
time only if the half-life of Re187 is 40 
billion years. If it is not, the correct age 
is given by r7/2/40 times the values on the 
abscissa. 

of the cosmoradiogenic daughter to the 
abundance of the radioactive parent at 
the time of formation of the solar 
nebula: 

OS8"'7 \ 

8 Rel87 J 

/Os87\ _ a(186)1 (OS1'6\ 
Os o L o(187)J1\ Os O 

(Re187 
Re Jo 

(Os) 

(5) 

This ratio may be evaluated by exam- 

ining the geochemical evidence for the 
abundance ratios involved and by eval- 

uating the ratio of the neutron-capture 
cross sections of the two isotopes of 
osmium. Most of the geochemical evi- 
dence comes from the research of Herr 
et al. (10). From their work I con- 
clude that the most-likely values for the 
terms of Eq. 5 are: (OsV86/Os)o = 
0.0159; (Os.87/Os)o = 0.0132; (Re'7/ 
Re)o = 0.65; and (Os/Re)o = 11.3. 
Substitution of these most-probable geo- 
chemical values in Eq. 5 gives 

(Os 8c 
-0.230- 0.277 o(18 (6) 6 

\ Re "1,17 /-087) 

The largest uncertainty in the numerical 
coefficients of this expression seems to 
be due to their linear dependence upon 
the value taken for the present abun- 
dances of osmium and rhenium. I ex- 

pect future geochemical research to 

firmly establish the abundance ratio for 
these two chemically similar elements, 
but I do not foresee a sizable error 
in the value I have used. The neutron- 

capture cross sections represented in 

Eqs. 5 and 6 are, in reality, averages 
of the neutron-capture cross sections 
over a rather extended spectrum of neu- 
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tron energies, probably a Maxwell- 
Boltzmann distribution of velocities cor- 
responding to a value of kT = 30 kev. 
The neutron-capture cross sections in 
question have not yet been measured; 
however, experiments are now under 
way at the Oak Ridge National Labora- 
tory to measure them with high accu- 
racy. From both nuclear theory and 
the systematics of those neutron-cap- 
ture cross sections that have been meas- 
ured, I conclude that the ratio a(186)/ 
a(187) must almost certainly lie in the 
range 0.3 to 0.5. I tentatively adopt 
0.4 as the most-probable value for the 
cross-section ratio: it then follows from 
Eq. 6 that (Os'87/Re'87') = 0.12. 

For the exponential models under 
discussion, a simple integration shows 
that 

0518T \ 

( Re187 / 
[ln f + X,87T 1 - f -1 (7) 

In f exp (- s18T) - f 

The values of f and T that satisfy this 
equation for various values of (Os18'e/ 
Re'87) are shown in Fig. 4. I have mod- 
ified the abscissa (time) of Fig. 4 to take 
account of the fact that the half-life of 
the Re'87 beta decay is not well known 
at present. On the basis of several 
arguments that I will not repeat here, 
I believe the most-probable value for 
the half-life is 40 billion years. There- 
fore, instead of using true time (T) for 
the commencement time of heavy-ele- 
ment nucleosynthesis as an abscissa in 

Fig. 4, I have used T multiplied by the 
ratio (40/ T/2). In other words, this 
abscissa represents the real commence- 
ment time for nucleosynthesis if the 
half-life has the expected value of 40 
billion years. 

The Concordant Solution 

It is my hope that future advances 
in the geochemical sciences and in the 

application of nuclear theory will make 

possible an unambiguous determination 
of the quantities XU, XTh, and (Oss87/ 
Re'87).. When these data are obtained, 
the corresponding curves of Figs. 2-4, 
when plotted on a single graph, should 
intersect in the f,T plane at a common 

point if the exponential family of 

chronological models is realistic. This 
intersection at a common point is 
called the concordant solution. The 
three curves based on the most-prob- 
able values [xu = 0.188, XTh = 1.42, 
and (Os'87/Re87)0 = 0.12, with t/.,(Re8s7) 
= 40] are shown in Fig. 5. It is obvi- 

ous from Fig. 5 that no concordant 
solution exists at our present state of 
knowledge. Although this lack of con- 
cordance may seem disappointing at 
first, we must view it realistically. Much 
work remains to be done toward estab- 
lishing the correct values of the param- 
eters which identify the three curves 
of Fig. 5. Accordingly, I reemphasize 
at this point those physical quantities 
upon which these three parameters most 
strongly depend. 

The value of xu depends on the time 
we take for the time of formation of 
the solar nebula. It is by no means ob- 
vious that we should take the terrestrial 
age of the earth, or the age of meteor- 
ites, as the time appropriate for the de- 
termination of x.u The models of con- 
tinuous nucleosynthesis that are used 
in this discussion suggest that the ap- 
propriate time is that time when the 
components of the solar nebula with- 
drew from the products of fresh nucleo- 
synthesis in the interstellar medium. This 
time could be significantly longer ago 
than the time of formation of the earth. 
The value of XTh, on the other hand, 
depends strongly upon the ratio for 
present-day abundances of thorium and 
uranium. And, of course, xu and XTh 
are inversely proportional to the theo- 
retically calculated production ratios 
for the three nuclear species involved. 
The value of (Os's8c/Re'87) depends 
strongly upon the ratio for present-day 
abundances of osmium and rhenium 
and upon the ratio of the neutron-cap- 
ture cross sections of the osmium iso- 

topes. On the other hand, (Os"8c/ 
Re187)o, like XTh, is almost insensitive to 
the time required in the formation of 
the solar nebula. Finally, the corre- 
spondence with real time in the case 
of the Re'87 chronology depends upon 
the exact value of the half-life of Re87. 

In considering the question of con- 
cordance, it is also necessary to recall 
that the simple exponential models for 
the rate of nucleosynthesis that are used 
in this article may not be correct. If 
the gases of our galaxy have always 
been well mixed, and if the actual rate 
of nucleosynthesis of the neutron-rich 

heavy elements has proceeded in ac- 
cord with any monotonically decreas- 

ing function of time, then a model 
based on exponentially decreasing con- 
tinuous rates of nucleosynthesis must 
be a good approximation. However, it 
is now known that the gases in our gal- 
axy have not been well mixed. As we 
shall see shortly, there are old clusters 
of stars in our galaxy that differ in 

metal-to-hydrogen content by almost an 
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Fig. 5. The concordance test for the most 
likely values of xu, XTh, and (Os"87,/Rel87)0. 
The three curves are a superposition of 
specific curves from Figs. 2, 3, and 4. 

order of magnitude although they are 
of identical age. Furthermore, the pres- 
ent-day metal-to-hydrogen ratios vary 
by at least a factor of 3 in very young 
galactic clusters. These inhomogeneities 
can exist only because the gas in our 
galaxy has not been completely mixed. 
Nonetheless, the metals that were added 
to the interstellar medium in numerous 
events that occurred billions of years 
prior to the formation of our solar sys- 
tem must have had nearly the same 
abundances at t = 0 that they would 
have had if they had been continuously 
created. Whether we may assume that 
the rate of heavy-element nucleosyn- 
thesis never rose above the initial rate 
is quite a different matter. It is quite 
conceivable that heavy-metal formation 
began slowly at first, increased for a 
while to some maximum rate, and then 
decreased from that time forward. An- 
other problem with models based on 
exponentially decreasing rates of nu- 
cleosynthesis becomes apparent when 
we think of the final additions to the 
presolar interstellar medium. Whereas 
the long-ago enrichments must merge 
into a continuum, the last one or two 
events of nucleosynthesis may appear 
as discrete points, particularly in the 
case of the uranium isotopes. 

Since the half-life of U235 is only 0.7 
billion years, it does seem that the value 
of (U"23/U38)o, the abundance ratio at 
the time of formation of the solar sys- 
tem, may depend explicitly upon the 
time of the last event of nucleosynthesis 
that contributed to the interstellar medi- 
um in the neighborhood of our sun. Per- 
haps we may best view this problem 
by saying that we should reckon radio- 
active decay not from the time of for- 
mation of the solar nebula but from 
the time of the last local event of heavy- 
element nucleosynthesis. In that case 
we should assume, in addition to a con- 

tinuous rate of nucleosynthesis, a sud- 
den event exactly at the time of with- 
drawal of the solar nebula. A similar 
viewpoint has been expressed by others 
(11, 4) in an attempt to account for 
the extinct radioactivities Al26, Pdl07, 
and 12". 

These are some of the difficulties in 
calculating the chronologies of the gal- 
axy. I want now to return to Fig. 5 
with a more positive approach, since it 
represents the best evaluation I can 
make at present of the available radio- 
activity data. Although the three curves 
nowhere intersect at a point, they do 
clearly show that the material of our 
solar nebula began receiving heavy-ele- 
ment enrichment long before our solar 
system formed. An estimate for time 
of initial heavy-element nucleosynthesis 
of something like 8 billion years be- 
fore the formation of the solar system 
gives, roughly, the best agreement of 
the three curves of Fig. 5. Since the 
solar system itself is almost 5 billion 
years old, this time of initial nucleosyn- 
thesis would be close to 13 billion years 
ago. Studies of radioactive decay have 
revealed that nucleosynthesis has been 
occurring throughout the history of our 
galaxy. This is an extremely important 
finding and one that is entirely inde- 
pendent of the findings of the observa- 
tional astronomer who correlates metal 
concentrations with ages of stellar clus- 
ters. It may seem superfluous to point 
out a conclusion that has been accepted 
for a long time, but I do so nonetheless: 
nucleosynthesis occurs continuously in 
stars. 

Astronomical Evidence 

I now return to the astronomical evi- 
dence relating to the rate of heavy-ele- 
ment nucleosynthesis in our galaxy. 
Figure 6 is a slight modification of fig- 
ures presented by Arp (12, 13), in 
which the metal-to-hydrogen ratio of 
stellar clusters is correlated with the 
ages of the clusters. The metal concen- 
tration is determinable from the inten- 
sity in the ultraviolet region of the con- 
tinuous-emission spectrum, whereas the 
ages of the clusters are determinable 
from calculations of rates of stellar evo- 
lution and from the point of departure 
from the main sequence in the Hertz- 
sprung-Russell diagram of the stars of 
the cluster. The dashed lines in Fig. 6 
are a visual aid; they outline an en- 
velope which contains the observed 
variations of metal-to-hydrogen concen- 
trations. Arp has emphasized that vari- 
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Fig. 6. The observed concentrations of 
metals in galactic star clusters plotted 
against the age of the cluster as calculated 
from the color-magnitude diagrams of the 
clusters. The dashed lines suggest enve- 
lopes for the observed points. The marked 
rise in concentrations of the metals with 
real time indicates clearly the effects of 
heavy-element nucleosynthesis in our gal- 
axy. [Slightly modified from Arp (11, 12)] 

ations in metal concentration in star 
clusters of the same age indicate that 
the rate of nucleosynthesis has not been 
constant in differing parts of our gal- 
axy, and that the mixing of gases in 
the interstellar medium of our galaxy 
has not been complete. Concerning the 

very oldest globular clusters of our gal- 
axy, represented in Fig. 6, Arp has also 
suggested that the upper envelope may 
perhaps correspond to the regions of 
high initial density in our galaxy, where 
nucleosynthesis would be expected to 
proceed at a more rapid rate, whereas 
the lower envelope may correspond to 
the regions of low initial density. I con- 
sider this to be an important working 
hypothesis. Even at present the metal- 
to-hydrogen ratio for the Hyades cluster 
and that for cluster NGC 2158 differ 
by a factor of 3. The cluster NGC 
2158 is 5000 parsecs from the sun in 
the anticenter direction. I quote Arp 
(13): 

NGC 2158 resembles, in structure and 
in richness, a globular cluster more than 
it does a galactic cluster. With respect to 
age, metal richness, and structure, NGC 
2158 represents the long-sought-for tran- 
sition system between a galactic and a 
globular cluster. It is more important to 
stress, however, that [this] cluster appears 
to belong to a region beyond the sun, 
where the density is probably smaller. 
For the first time, we are beginning to 
get observed correlations between low 
density regions and low metal content as 
predicted by the theory of element build- 
ing and star formation. 

It is even clearer that an increase in the 
metal-to-hydrogen ratio by more than 
two orders of magnitude over the last 
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Fig. 7. The astronomically observed rate 
of heavy-element nucleosynthesis. The 
curve is a smooth derivative of Fig. 6; 
it represents the rate at which heavy ele- 
ments were added to the interstellar me- 
dium (compare Fig. 1). 

25 billion years is a demonstration of 
the effects of nucleosynthesis. 

Let us now compare the results of 
the two techniques for determining the 
age of our galaxy: (i) studies of radio- 
active decay and nucleosynthesis and 
(ii) astronomical observation. Is there 
a conflict between the time of 13 bil- 
lion years ago concluded from the study 
of schemes of radioactive decay to have 
been the time nucleosynthesis began 
and the time of nearly 25 billion years 
ago determined by astronomical obser- 
vation to be the age of the oldest known 
star clusters in our galaxy? Not neces- 
sarily. The two ages do not measure 
the same thing. It is true that the age 
of the oldest star cluster may repre- 
sent the age of our galaxy, and 25 bil- 
lion years may, at present, be an ac- 
ceptable estimate of the age of our gal- 
axy, though there are serious objections 
to ages as great as 25 billion years on 
the basis of fuel supply (14). On the 
other hand, between 25 and 20 billion 

years ago the metal-to-hydrogen ratio 
was only a small percentage of the pres- 
ent ratio in the sun. It seems clear 
from Fig. 6 that synthesis of the heavy 
neutron-rich metals in stars had not 

really begun in earnest 20 billion years 
ago. It is in the suggested "knee" of 
the curve of Fig. 6, occurring about 15 

billion years ago, that we see the real 
onset of heavy-element nucleosynthesis. 
In my mind's eye I can see a sharp in- 
crease in the rate of heavy-element nu- 
cleosynthesis between 20 and 15 billion 
years ago to some maximum value per- 
haps 15 billion years ago, followed by 
a slow and gradual decline from that 
day forward. The rate of nucleosyn- 
thesis of the heavy metals is given by 
the slope of the curves of Fig. 6. I 
have constructed this slope schemati- 
cally (see Fig. 7). The details are not 
discernible, but the point is obvious. A 
time of 13 billion years ago for the 
large-scale commencement of heavy- 
element nucleosynthesis, as far as the 
solar nebula is concerned, is quite in 
agreement with the general outlines of 
Figs. 6 and 7. The agreement may be 
said to be remarkable in view of the 
fact that both the techniques are still 

relatively unrefined. 

Many interesting and exciting prob- 
lems for future research are suggested 
by these considerations. Perhaps the 
most puzzling of these questions is that 
of whether there was a long interval, of 
almost 10 billion years, between the for- 
mation of our galaxy some 25 billion 

years ago and the onset of heavy-ele- 
ment nucleosynthesis around 15 billion 

years ago. If the ages determined for 
the star clusters turn out to be correct, 
this interval will pose an important 
problem to b'e solved by the theories of 
star formation and nucleosynthesis. 
Perhaps the assumption of one genera- 
tion of low-mass stars is required, or 

perhaps the initial interstellar density 
was not conducive to formation of the 

appropriate stars. It is too early to say. 
Since the concentrations of the lighter 
elements in the very old star clusters 

(Fig. 6) seem to be not so low relative 
to present concentrations in the sun as 
the concentrations of the metals, it may 
be that heavy-metal synthesis began 
only after extensive synthesis of the 

lighter elements. In light of the vast 

progress made in the last 5 years, it is 
stimulating to speculate on what obser- 
vational findings will accrue in the next 
5 years to clear up these mysteries. 

Summary 

I believe that the two observational 
methods for ascertaining galactic chro- 
nology are slowly converging to pro- 
vide a common answer. My latest 
evaluation of radioactive decays indi- 
cates that synthesis of the heavy ele- 
ments that were to condense into our 
solar system began about 13 billion 
years ago. The rate of increase in the 
concentrations of metals in observed 
star clusters, on the other hand, indi- 
cates that most of the heavy elements 
began to be synthesized between 20 
and 15 billion years ago. Both esti- 
mates will no doubt change in the years 
to come, but, for the present, I would 
say that extensive star formation began 
in the galaxy about 15 billion years ago. 
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