
Icarus152, 185–200 (2001)

doi:10.1006/icar.2001.6617, available online at http://www.idealibrary.com on

The Galactic Habitable Zone: Galactic Chemical Evolution

Guillermo Gonzalez and Donald Brownlee

Astronomy Department, Box 351580, University of Washington, Seattle, Washington 98195
E-mail: gonzalez@astro.washington.edu

and

Peter Ward

Department of Geological Sciences, Box 351310, University of Washington, Seattle, Washington 98195

Received October 23, 2000; revised January 22, 2001

We propose the concept of a “Galactic Habitable Zone” (GHZ).
Analogous to the Circumstellar Habitable Zone (CHZ), the GHZ
is that region in the Milky Way where an Earth-like planet can re-
tain liquid water on its surface and provide a long-term habitat for
animal-like aerobic life. In this paper we examine the dependence
of the GHZ on Galactic chemical evolution. The single most impor-
tant factor is likely the dependence of terrestrial planet mass on the
metallicity of its birth cloud. We estimate, very approximately, that
a metallicity at least half that of the Sun is required to build a habit-
able terrestrial planet. The mass of a terrestrial planet has important
consequences for interior heat loss, volatile inventory, and loss of
atmosphere. A key issue is the production of planets that sustain
plate tectonics, a critical recycling process that provides feedback
to stabilize atmospheric temperatures on planets with oceans and
atmospheres. Due to the more recent decline from the early intense
star formation activity in the Milky Way, the concentration in the
interstellar medium of the geophysically important radioisotopes
40K, 235,238U, and 232Th has been declining relative to Fe, an abun-
dant element in the Earth. Also likely important are the relative
abundances of Si and Mg to Fe, which affects the mass of the core
relative to the mantle in a terrestrial planet. All these elements and
isotopes vary with time and location in the Milky Way; thus, plane-
tary systems forming in other locations and times in the Milky Way
with the same metallicity as the Sun will not necessarily form habit-
able Earth-like planets. As a result of the radial Galactic metallicity
gradient, the outer limit of the GHZ is set primarily by the mini-
mum required metallicity to build large terrestrial planets. Regions
of the Milky Way least likely to contain Earth-mass planets are
the halo (including globular clusters), the thick disk, and the outer
thin disk. The bulge should contain Earth-mass planets, but stars
in it have a mix of elements different from the Sun’s. The existence
of a luminosity–metallicity correlation among galaxies of all types
means that many galaxies are too metal-poor to contain Earth-mass
planets. Based on the observed luminosity function of nearby galax-
ies in the visual passband, we estimate that (1) the Milky Way is
among the 1.3% most luminous (and hence most metal-rich) galax-
ies and (2) about 23% of stars in a typical ensemble of galaxies are
more metal-rich than the average star in the Milky Way. The GHZ

zone concept can be easily extrapolated to the universe as a whole,
especially with regard to the changing star formation rate and its ef-
fect on metallicity and abundances of the long-lived radioisotopes.
c© 2001 Academic Press
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1. INTRODUCTION

our
ner-
uid

ike)
and
d as

om-
arth

s in
ple,
g,
ular
n of
t ad-
ncy
ich
ered

xists
ng-
ni-

an
eral
late

ith

185
While its definition has varied somewhat over the past f
decades, the Circumstellar Habitable Zone (CHZ) has ge
ally been defined to be that region around a star where liq
water can exist on the surface of a terrestrial (i.e., Earth-l
planet for an extended period of time (Huang 1959, Sagan
Shklovsky 1966, Hart 1979). Estimates of its size have varie
climate models have been refined (Kastinget al. 1993, Franck
et al. 2000b), but the present models do have some shortc
ings. The most serious one is the adoption of the present E
as the standard when applying the CHZ to other location
the universe or other epochs in Earth’s history. For exam
the width of the CHZ is influenced by chemical weatherin
but its efficiency is greatly increased by the presence of vasc
plants (see Moulton and Berner 1998). Therefore, applicatio
extant CHZ models to other planetary systems assumes tha
vanced plant life is already present. This inherent inconsiste
notwithstanding, the CHZ is still a useful concept around wh
the presence of advanced life in the universe can be consid
in a quantitative way.

Here we propose that, in an analogous fashion, there e
within galaxies a region favorable to the development and lo
term maintenance of complex life comparable to terrestrial a
mals and complex plants. In the Milky Way this region forms
annulus in the disk, the boundaries of which are set by sev
Galactic-scale astrophysical processes that are likely to re
to habitability on terrestrial plantes. Its location is variable w
0019-1035/01 $35.00
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time, due, for example, to the evolution of the abundance
heavy elements (including the long-lived radioactive isotop
in the interstellar medium. The inner limit of this newly defin
Galactic Habitable Zone (GHZ) is set by high-energy eve
such as supernovae and gamma ray bursts, higher metal
leading to orbital decay of planets, and gravitational pertur
tions of Oort cloud comets sufficient to cause frequent co
impacts (to be discussed in a future paper). These events c
mass extinctions and perturb complex life. The outer limit
the GHZ, the subject of this paper, is set by Galactic chem
evolution, and, in particular, the radial disk metallicity gradie
A certain minimum abundance of heavy elements is neede
fully assemble Earth-size planets in the CHZ. In addition,
argue that certain elements must be present with the right
The boundaries of the GHZ are not rigid, well definable limi
rather, are probabilistically defined.

Ours is not the first discussion of Galactic-scale constra
on habitability. Trimble (1997a,b) considered, in a general w
the composition of the Sun in the broader context of Gala
chemical evolution and how heavy element abundances in
interstellar medium constrains the timing and location of ha
able planets. Clarke (1981) discussed the possible limitation
the habitability of a galaxy undergoing a Seyfert-like outbu
Several astronomers have been arguing since the early 1
(e.g., Balázs 1988, Marochnik 1984) that the placement of
Sun’s galactic orbit very near the corotation circle is an imp
tant requirement for habitability. Finally, many papers have b
published since the early 1970s about the possible damagin
fects of a nearby supernova (e.g., Brakenridge 1981, Ellis
Schramm 1995). Each of these previous studies focused on
one type of Galactic-scale constraint. Tucker (1981) was on
the few to consider habitability in the Galaxy within a broad
framework, but his treatment was very superficial and is n
seriously outdated.

Much of our motivation for investigating the possible link b
tween Galactic-scale astrophysical processes and life on a
restrial planet derives from the apparently anomalous value
several of the Sun’s parameters, which Gonzalez (1999a,b
interpreted within the framework of the Weak Anthropic Pri
ciple. For example, it seems an odd coincidence that we sh
happen to be living around a star with a space velocity relativ
the Local Standard of Rest (vLSR) smaller than most other nearb
stars. The oddity of this situation can be removed if it can
shown that habitability favors a small value ofvLSR. While this
point was already addressed by Gonzalez (1999a,b), our pr
task is to bring the discussion within the framework of the GH
Our motivation also derives from much recent research show
that mass extinctions on Earth have severely affected the co
of biotic evolution, and seemingly pose a threat to the surv
of complex life on the surface of any planet (Ward and Brown
2000).

Our purpose herein is to present a unified, though not ne

sarily complete, treatment of the GHZ, including astrophysic
processes over a wide range of space and time scales. In this
NLEE, AND WARD

of
s)
d
ts

icity
a-
et

ause
of
cal
t.
to
e
ix.

s,

nts
y,

tic
the
it-
on
t.
80s

he
r-
en
ef-
nd
nly
of
r
w

-
ter-
of

has
-
uld
to

be

sent
Z.
ing
rse
al

ee

es-

paper in a series we will address the constraints imposed o
GHZ by Galactic chemical evolution, focusing on the prod
tion history of biologically important elements. In future pap
we will discuss threats from transient radiation events and
teroid and comet impacts and give quantitative estimates o
size and time evolution of the GHZ in the Milky Way and
other galaxies. In the following we begin with a presentation
our working definition of a habitable planet and a discussio
the basic geophysical requirements, follow this by a discus
of the astrophysical processes that provide the basic plan
building blocks, compare the Milky Way habitability to oth
nearby galaxies, and end with a summary of the GHZ conc

2. DEFINING A HABITABLE PLANET

Throughout the following we adopt the Earth as the refere
habitable terrestrial planet, which we do for two simple reaso
(1) it is the only example we have, and (2) comparative pla
tology in the Solar System indicates that the Earth’s habitab
may be near optimal (especially for complex life). However, t
second assumption may not be true for every parameter; fo
stance, the Earth may not have an optimal impact rate (imp
can have both positive and negative consequences). We em
the term habitability to refer to environmental requirements s
able for Earth-like animal-like aerobic life, not the broader ran
of conditions that might support microbial life. We have iden
fied three necessary (though not sufficient) requirements for
a habitable terrestrial planet: (1) an ocean and some dry
(2) moderately high O2 abundance, and (3) long-term clima
stability. The moderately high O2 (and low CO2) abundance is
a necessity for large mobile life on physiological grounds a
also for building an ozone shield (McKay 1996). An ocean
required primarily for temperature regulation via the operat
of a water cycle on a global scale, plate tectonics, and chem
weathering (on land). A completely ocean-covered planet is
cluded from consideration, because it eliminates solid surfa
atmosphere interactions and limits the diversity of possible
(life on such a “waterworld” would likely be limited to that typ
cal of deep-sea thermal vents on the present Earth, if even
much). Long-term climate stability brings in many astrophy
cal and geophysical constraints, including stellar evolut
comet and asteroid impact rate, the presence of a large
ral satellite, and a long-term planetary heat source to drive p
tectonics. In the present study we address those steps in th
mation of such a habitable planet that are linked to the bro
topic of Galactic chemical evolution. Implicit in our study
the assumption that deviations from Earth-like parameters
to less habitable conditions. Full verification of this assump
may be possible in the future as models integrating plane
dynamics, geophysics, climate, and biology are further refin

As an aside, we note that a large natural satellite orbitin
gas giant planet has been suggested as a possible alter

al
first
habitat to an Earth-like planet (e.g., Williamset al. 1997). How-
ever, such an environment is very likely to be less habitable for
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There are a couple of other size-dependent factors, which
Lewis does not discuss. One concerns impact probability. It is

1 Although the preferred term in the literature is “extrasolar,” we will employ
the more grammatically correct “extra-solar-system” in the present paper.
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the following reasons: (1) comet collisions will be more fr
quent due to the strong gravity of the gas giant host, espec
via captures into temporary orbits (also, more frequent co
breakups will contribute to an increased collision probabilit
(2) the particle radiation levels are higher in the vicinity o
gas giant with a strong magnetic field like Jupiter (but some
giants, such as Saturn, have weaker fields), and (3) spin–
tidal locking will occur on a relatively short time scale. The fi
point was illustrated by the capture and subsequent breaku
Comet Shoemaker-Levy 9 in 1994; it is also illustrated by the
covery of crater chains on Callisto and Ganymede (Schenket al.
(1996) examined 116 craters in 11 crater chains). Of course
every planetary system will have the same comet flux as o
because of different formative histories and giant planet c
figurations. The second point leads to a more rapid loss o
atmosphere for a satellite without a strong magnetic field
thus poses a threat to surface life. The third point leads to gre
day/night temperature swings. For environments similar to
Galilean satellite system, tidally locked orbits can be benefi
in that they generate internal heat through tidal stressing,
orbital changes on time scales of 108 to 109 years prevent tide
from being a continuously available source of heat (Greenb
et al. 2000). The problems noted above are somewhat mitig
if the satellite orbits far from its host planet, but in such a confi
ration the insolation from the parent star becomes more varia
Finally, it is not clear if a giant planet can end up at∼0.5–5 AU
from its host (G–K spectral type) star in an orbit as nearly
cular as the Earth’s (the present eccentricity of the Earth’s o
is 0.017). To date, all the giant planets found around other s
type stars beyond∼0.15 A.U. have much more eccentric orb
than does the Earth, except HD 27442, which has an eccent
of 0.025 (Butleret al. 2001); even Jupiter has an eccentricity
0.048. Therefore, because natural satellites are inferior hab
for complex life, we will not consider them further.

2.1. Planet Mass

It is likely that planet mass is the single most important fac
in building a habitable terrestrial planet. We make the sim
fying assumption that a terrestrial planet’s mass is determ
primarily by the local surface density,σ , of the protoplanetary
disk from which it forms. Following the equations describi
planet formation in Lissauer (1995), we assume that terres
planet mass scales withσ 1.5. This dependence is determine
both by the surface density of solids in a feeding zone and
narrower width of a feeding zone of a smaller planet. The co
plexities of planet formation may cause significant deviati
from this simple functional dependence, but we believe that
relationship will provide a resonably close estimate of typi
planetary mass. We also assume that (1) the surface densit
radial location in a protoplanetary disk is directly proportion
to the heavy element abundance of the interstellar cloud o
which a planetary system condenses and (2) the total ma

terrestrial planets that form in a given planetary system is sc
able from the Solar System in proportion to the relative hea
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element abundances of their parent stars. Until the results of
ulations which implicitly include the composition of the birt
cloud are made available, we will have to make do with th
assumptions.

Present observations of extra-solar-system1 planets can be o
some help to us in determining some astrophysical constrain
habitability. The most important findings to date are: (1) the h
mean metallicity2 of stars with planets compared to the gene
field stars, (2) the very short orbital periods of some planets,
(3) the high eccentricities of planets with orbital periods grea
than about two weeks (Butleret al. 2000). Combining the firs
point above with the lack of detection of giant planets in t
globular cluster 47 Tucanae (Gillilandet al. 2000) implies that
a minimum metallicity near 40% solar is required to build gia
planets. Among the stars with close-in planets, the metallici
are particularly high. This could be due to disk material falli
onto the star and polluting its atmosphere, and/or a metalli
dependence on giant planet formation, and/or a metallicity
pendence of planet migration (see Gonzalezet al. (2001) for
additional discussion on these points). If the latter is the c
then planet migration may occur more frequently in metal-r
systems, leading to the disruption of the orbits of any terres
planets in the habitable zone. Similarly, if the high eccentricit
of the orbits of the giant planets observed around other s
are due to planet–planet interactions (see Weidenschilling
Marzari 1996), this phenomenon, too, is more likely to oc
in metal-rich systems. As the metallicity dependencies of th
phenomena are not yet well-constrained, we will not inclu
them in the present study (for an attempt to treat these phen
ena quantitatively, see Lineweaver (2001)).

It is useful to consider the sensitivity of habitability to chang
in planet mass. Lewis (1998) notes three important differen
between the Earth and a smaller or larger sibling: (1) heat fl
and associated geophysical processes, (2) volatile inventory
(3) atmosphere loss rate. He estimates that an Earth-like p
identical in composition to the Earth with the same orbit b
with one-tenth the mass (about half the radius) would hav
lithosphere over twice as thick, suffer much more rapid l
of atmosphere from impact explosive blowoff and dissociat
recombination in the exosphere, and have an ocean only 20
deep. At the opposite extreme, a planet with 12 times the m
(about twice the radius) would have a much thinner lithosph
suffer no significant loss of its atmosphere, and have an ave
ocean depth over three times as great as the Earth’s (wit
dry land). These estimates assume that the volatile rese
is primarily the result of outgassing and that its efficiency
proportional to the size of the planet.
al-
vy

2 Note, throughout this paper, we employ the astronomical definition of met-
als, i.e., elements heavier than He.
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proportional to the square of a planet’s radius (plus a little m
owing to gravitational focusing). Furthermore, the increased
pact rate would apply to all size scales of impactors; very r
very large impacts would occur more often on a larger pla
However, the impact energy on a larger planet is diluted o
an area proportional to the square of its radius. A proper e
uation of the net dependence of impacts of planetary size
require careful consideration of the details of the relevant p
cesses (such as the mass function of the impactor populat
Another size-dependent factor is the time to build up O2 in the
atmosphere (McKay 1996). It should take more time to o
genate the atmosphere of a larger terrestrial planet, due t
larger inventory of reductants. However, a complete analysi
this factor has yet to be published. For the purposes of the pre
discussion, we follow Lewis (1998) and require that a terrest
planet with the same orbit and formation history of the Ea
have a mass between one-third and three Earth masses
habitable, though it is our opinion that this range is probably
broad.

We note that the above discussion must be placed in
broader context of the terrestrial planet environment. In p
ticular, a cloud that is sufficiently metal-rich to form giant Ear
siblings will also likely form smaller terrestrial planets (c
Wetherill 1996). Therefore, the problems noted above for a v
large terrestrial planet in a given system would still not prev
that system from having a terrestrial planet in the required m
range. The same cannot be said of a metal-poor cloud, w
forms only small terrestrial planets. Given this, then, habitabi
for a given system cannot be excluded solely on the basis th
forms one or more massive Earths, but it might be excluded
other grounds related to high initial metallicity (as noted earlie

2.2. Plate Tectonics

Of the geophysical processes that affect habitability, p
tectonics is probably the most critical, because it plays a cen
role in maintaining long-term climate stability (Kastinget al.
1993, Francket al. 1999, 2000a). Subduction of carbonates, a
their ultimate thermal decomposition, provides the volcanic C2

source that drives the CO2–rock cycle. The continuing CO2 sup-
ply from subducted sediments combined with the temperat
0dependent removal of CO2 by chemical weathering provide
negative feedback that opposes major global temperature
ations. Without plate tectonics it is unlikely that the Earth
similar planets could maintain habitable surface environme
for animal life for long periods of time (Francket al. 1999,
2000a).

Unfortunately, the requirements for the origin and main
nance of plate tectonics are not well known. On Earth the pro
produces spreading center ridges, trenches, subduction z
and linear mountain ranges. From the lack of similar feature
other bodies it is clear that this process is not currently ope
ing on any other Solar System body. Mars and Venus displ

rigid lid, and both lack plate tectonics at present (Tackley 200
Mars is apparently too small. Venus, a near twin of Earth, do
NLEE, AND WARD
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not have plate tectonics probably because of its lack of wa
which lowers the melting points of magmas and promotes
general ductility required for subduction (Karato and Jung 199
A necessary, though certainly not sufficient, requirement
plate tectonics is a long-term supply of heat. Radioactive
cays of235,238U, 232Th, and40K are considered to be the primar
sources of heat in the Earth’s interior. Very early in the Eart
history there were other sources of interior heat: short-lived
dioisotopes, heat of formation (from accretion, including t
lunar-forming impact), and formation of the core. However,
ter the first 1.5 Gyr, the initial thermal state of the Earth w
erased due to a readjustment effect in mantle convection
Franck 1998). Therefore, following an early settling-down p
riod, the heat flow through a terrestrial planet’s mantle is larg
determined by the abundances of long-lived radioactive isoto
in its interior. However, the amount of volatile outgassing do
depend rather sensitively on the initial thermal state (Fra
1998); hence, the amount of outgassing will be dependen
the details of the formation process.

2.3. CHZ Limits

The dimensions of the Circumstellar Habitable Zone in
Solar System are defined by more than just the flux of stellar r
ation. There are several other parameters that should be incl
in the definition if it is to be generalized to any location and tim
in the Milky Way. The relevant parameters are: mass, comp
tion, orbit, and type of parent star. Taken together, the poss
parameter space covered by these quantities is very large, a
is not possible to set separate constraints on them. For exam
the inner edge of the CHZ for a terrestrial planet smaller th
the Earth would be farther from the Sun than the CHZ of
Earth due to the more rapid loss of its atmosphere. Howe
there are a few simplifying assumptions we can make to nar
this parameter space significantly. One is the restriction of
orbit to small eccentricity in order to prevent large temperat
swings. Another one is the restriction to main sequence s
similar in spectral type to the Sun (early G), which finds supp
from the Weak Anthropic Principle (Gonzalez 1999b) and th
retical arguments concerning stellar lifetimes and tidal lock
and observations of flare activity in low mass dwarfs.

There are at least three other phenomena and/or processe
are presently not included in studies of the CHZ, such as th
cited in the Introduction. One is the variation of the impact thr
with position, caused by the increase in encounter velocities w
decreasing distance from the parent star. The impact energy
asteroid or comet is proportional to the square of the relative
locity between the impactor and the planet. Another factor is
composition gradient of the early solar nebula. Lewis (1997)
scribes quantitatively the condensation sequence of elemen
a function of distance from the central star (described in gre
detail below). A third factor concerns the details of planet f
mation. For example, the radial distribution of terrestrial plan

0).
es
is stochastic and is relatively insensitive to stellar mass accord-
ing to simulations of the late stages of planet formation carried
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out by Wetherill (1996). Taken together, these additional fac
more severely constrain the dimensions of the CHZ. Howe
a consideration of the complex relationships among the var
factors defining the CHZ are beyond the scope of the pre
work. We, instead, focus on a subset of these, which we
explore within the larger context of the Milky Way.

2.4. Composition

In addition to the overall metallicity (and hence mass) th
are compositional factors that influence habitability. A comp
ison between Earth and Venus illustrates that planet mas
not the only factor that determines a planet’s geophysics.
though they are nearly the same mass, Earth and Venus
very different geology. Most of these differences probably d
back to the different origins of Earth and Venus. Lewis (199
notes that the composition gradient of the early solar nebula
ferred from the expected radial condensation sequence o
elements will result in planetary embryos of varying comp
sition. The early stages of planet formation are likely to dr
from a relatively narrow range in distance from the central s
but latter accretion is likely to be from a relatively larger ran
(Wetherill 1996). This implies that the properties of a terrest
planet’s core and mantle depend rather sensitively on its p
of formation. For example, more FeS should have conden
in the proto-Earth relative to the proto-Venus, and this wo
have lead to a significant reduction in the melting point of
Earth’s core. The relative abundance of40K, an important source
of long-term heat, would also have been variable; given its r
tively high volatility, less of it would have been incorporated
protoplanets inside the Earth’s orbit. The CHZ definition, th
must include not only the dependence of solar insolation
also that of bulk composition on radial distance. The deta
dependencies of planetary composition on place of forma
are beyond the scope of this paper, but it is a factor that mus
kept in mind when we discuss Galactic chemical evolution.

The most abundant element in the Earth by number is
while the most abundant element by mass is Fe (Kargel
Lewis 1993). The next most abundant terrestrial elements
Mg and Si; the cosmically abundant elements, H, He, C, an
are present only in trace amounts (Kargel and Lewis 1993).
O abundance can be considered as a free parameter, since it
oxides with Mg, Si, and Fe. Another factor likely to be relevan
the habitability of a terrestrial planet is the abundance of Mg
Si relative to Fe, which will determine the mass of the core re
tive to the mantle. Because the condensation temperatures o
Si, and Fe are similar,3 they should condense in ratios similar
that of their host star and terrestrial planets should experience
atively little differential fractionation. In the Milky Way’s disk

star with low Fe/H have relatively larger Mg/Fe and Si/Fe rati
(see Section 3.1.1). These ratios can differ by up to 250% fr

3 Lodders and Fegley (1998) list the condensation temperatures of Mg,
and Fe as 1340, 1340, and 1337 K, respectively.

rstel-
by
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the solar values and may have major influence on the inte
workings of a terrestrial planet, such as the efficiency of core
mation, the nature of solid-state convention, and its mineralo

Gaidos (2000) has noted the likely significance of the C
ratio in the formation of planets. The C/O ratio determines h
much oxygen in an accretion disk is in CO and how much
in water. Water ice was an abundant condensable substan
the outer regions of our Solar System’s early history and w
an important ingredient in the formation of the embryos of
giant planets. As discussed above, it is also an essential ing
ent in forming a habitable terrestrial planet. The bulk C/O ra
in a planet will be the result of a variety of fractionation a
volatile delivery processes, and so one cannot just equate
the initial C/O ratio in a protoplanetary nebula. The relevan
of the C/O ratio for the formation of habitable terrestrial pla
ets is probably less direct, affecting the characteristics of
giant planets and the population of cometary bodies. Howe
Gonzalezet al. (2001) do not detect a significant difference in t
C/O ratio between the parent stars of extra-solar-system pla
and the general field star population (the previously reported
C/O ratio for the Sun compared to field stars has proven to
spurious, as the result of an unrecognized systematic error
abundance estimates from one of the cited studies). There
support for the importance of the C/O ratio to planet format
currently comes only from theoretical arguments.

2.5. Basic Requirements

In summary, sufficient metals must be available in the in
stellar medium to build a habitable terrestrial planet. Follow
Lewis (1998), we assume its mass should be between app
mately one-third and three Earth masses. In addition, the rela
proportions of Si, Mg, and Fe should be similar to those in
Earth, and there are minimum required abundances of the l
lived radioactive isotopes,235U, 238U, 232Th, and40K.

The abundance of40K in a terrestrial planet’s crust may b
relevant also to the origin of life. Draganicet al. (1991) noted
that the ionizing radiation produced from the decay of40K in the
oceans of the early Earth would have generated O2 and H2O2

via radiolysis of water. The early stages of the extant chem
evolution of life scenarios require reducing conditions, and
a planet with too much40K mixed in its oceans may delay o
prevent the appearance of life.

3. GALACTIC EVOLUTION AND SPATIAL DISTRIBUTION
OF THE ELEMENTS

3.1. The Stable Elements

Since the formation of the Milky Way about 12 to 15 G
ago, the metals have increased in abundance in the inte
lar medium (ISM) near the Sun from near zero to about 2%
mass. To first order, the cosmic abundances of the elements h
ier than Boron scale with Fe, which has many easily measu
Si,absorption lines in the spectra of Sun-like stars. Therefore, what
is sometimes termed the “metallicity” of a star is often its Fe
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abundance—in the following we will employ the terms [Fe/H4

and metallicity interchangeably. Observational and theore
knowledge of the evolution of the chemical element abundan
in the Milky Way has improved greatly over the past 30 yea
The overall abundance trends of most elements are now
established from spectroscopic observations of stars in the
neighborhood (e.g., Grattonet al. 2000, Chenet al. 2000, re-
viewed by McWilliam 1997). In the following we will conside
the evolution of both the mean Fe abundance and abundan
tios, as X/Fe, and discuss their relation to habitability as defi
in Section 2.

The chemical evolution of the ISM is governed primarily
the rate of infall of unprocessed gas and processing of ISM m
ter by massive and intermediate mass stars (Timmeset al. 1995,
Pagel 1997, Portinariet al. 1998, Samland 1998). The prima
specific sources of the metals are supernovae,5 both those deriv-
ing their energy from nuclear explosions of white dwarfs (ty
Ia) and those deriving their energy from core collapse (type I
type II).6 SNe II are the primary source of O, theα element,7

and ther -process elements, and SNe Ia are the primary so
of the Fe-peak (i.e., Fe, Co, Ni) elements (Timmeset al. 1995,
Portinariet al. 1998, Samland 1998). In the simplest terms,
evolution of abundance ratios can be understood in terms o
changing relative contributions from these two basic SN typ
which can be due to changes in the initial mass function an
the star formation rate. A particularly important constraint
Galactic chemical evolution models is the observed declin
the O/Fe ratio with increasing Fe/H among nearby stars (
Edvardssonet al. 1993). This is thought to result from the ris
in the frequency of SNe Ia with time relative to that of SNe
(Mathewset al. 1992; see Fig. 39 of Timmeset al. 1995, Fig. 12
of Portinariet al. 1998, and Fig. 1 of Samland 1998).

When discussing chemical evolution, it is convenient to div
up the Milky Way into four components: thin disk, thick dis
bulge, and halo. While they partially overlap in space, th
components can be relatively well separated with the add
of data on stellar kinematics. The thin disk, of which the Su
a member, includes significant ongoing star formation activ
and its kinematics is more nearly purely rotational than the o
components; stars extend about 180 pc on either side o
midplane. The thick disk is basically a fatter version of the t
disk and contains stars that are more metal-poor than the

disk and extends about 600 pc on either side of the midpla
The bulge is centered at the center-of-mass of the Milky Wa8

4 [X/Y] ≡ log(NX/NY)star− log(NX/NY)sun, where the variableN corre-
sponds to the number density abundance of element X or Y. Hence, a star
[Fe/H]= +0.5 has 3 times the Fe/H abundance ratio of the Sun.

5 Except C and N, for which a substantial contribution is from intermedia
mass stars.

6 Hereafter, SNe Ib,c, II will be grouped together as SNe II.
7 Theα elements typically measured in stellar spectra are Mg, Si, Ca, and
8 Here we are assuming that the thin and thick disks each has a central

Therefore, given this assumption, only bulge stars occupy the central regio
the Milky Way.
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Its constituent stars display a large range in metallicity. In
Milky Way the bulge experienced an early rapid rate of s
formation, which has since slowed but continues to the pre
day. The halo is a spherical distribution of individual stars a
globular clusters extending to about 100 kpc. It is the oldest, m
metal-poor component. We discuss each of these compon
separately below.

3.1.1. The thin disk. The overall metallicity of the ISM in
the thin disk has been increasing steadily (but episodically
short time scales; Rocha-Pintoet al. 2000). From a sample o
nearby F and G dwarfs with well-determined physical para
eters, Gonzalez (1999a) derived an equation relating [Fe/H
age and to mean Galactocentric distance,Rm,

[Fe/H] = −(0.01± 0.02)− (0.07± 0.01)(Rm − R0)

− (0.035± 0.005)τ, (1)

whereτ is the age in Gyr andR0 is the present Galactocentric di
tance of the Sun (we adoptR0 = 8.5 kpc in the present study)
Since this equation is determined from a sample of nearby s
it is not applicable to the halo or to the bulge of the Milky Wa
which have had significantly different histories from that of t
local disk. The assumption of a linear dependence of [Fe/H
age is justifiable for stars no older than about 80% of the
of the Milky Way; beyond that, [Fe/H] drops off very rapidl
with age (see Fig. 13 of Portinariet al. 1998). The zero point o
Eq. (1) is consistent with observations of nearby young s
type stars, B stars, and H II regions. The present radial ab
dance gradient in the thin disk,−0.07 dex kpc−1, is well deter-
mined from observations of several different kinds of objects
the Milky Way (e.g., B stars, H II regions, open clusters, a
young solar-type stars—see Rollestonet al. (2000) and refer-
ences cited therein); the uncertainty in the slope given in Eq
is based on B star data. Its magnitude does vary among d
ent galaxy types (see Henry and Worthey 1999). Rollestonet al.
(2000) also note that their data are consistent with a single sl
as opposed to a sharp break near 10 kpc from the Galactic c
as some have argued previously. Houet al. (2000) present theo
retical estimates of the evolution of radial abundance gradi
in the Milky Way. Unfortunately, since observations can on
give us the present values of the Galactic abundance gradi
estimates of their evolution are rather model dependent. G
this uncertainty and the fact that it is a second-order effect,
will ignore possible evolution of the gradients in the pres
study.

In addition to the abundance gradient in the disk, we m
also consider the spread in [Fe/H] at a given age andRm. The
magnitude of the spread affects the degree to which the meta
ity gradient is an important factor for habitability. If the spre
is large in relation to the magnitude of the gradient, then
gradient is largely washed out and loses its relevance for
n ofradial dependence of habitability in the Milky Way’s disk. A
large intrinsic spread in the [Fe/H] value of newborn stars at a
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given Rm will result in the formation of some stars with a give
value of [Fe/H] earlier than indicated by Eq. (1). If, howev
the spread is small, then the radial metallicity gradient ha
more important role in habitability. The value of the spread
[Fe/H] is still a matter of some controversy. One of the most of
cited studies is that of Edvardssonet al. (1993), who performed a
spectroscopic survey of nearly 200 nearby solar-type stars. T
found a dispersion in [Fe/H] at a given age of about 0.25 d
which is much larger than observational error alone can exp
Wielenet al. (1996) modeled the observed scatter in [Fe/H] (
ing the dataset of Edvardssonet al. (1993)) within the framework
of a stellar orbital diffusion model. Using an improved data
based largely on the Edvardssonet al. (1993) sample, Gonzale
(1999a) confirmed the large metallicity spread.

Rocha-Pintoet al. (2000) give an independent estimate of t
metallicity dispersion in the solar neighborhood with a differe
sample, finding a value about half of the above-cited value.
significant that Rocha-Pintoet al.’s (2000) estimate of the sprea
is less than that derived by others. This implies that their s
ple is more reliable, since the total measured spread is the
of measurement errors, unmodeled biases, and intrinsic co
scatter; however, it is still possible that an unrecognized syst
atic bias in their analysis may have yielded an artificially sm
scatter. Rocha-Pintoet al. (2000) attribute the difference large
to selection biases that went into the preparation of the orig
Edvardssonet al. (1993) sample. Based on spectroscopic an
yses of young F and G dwarfs, Gonzalez (1999a) and Ga
and Gonzalez (in preparation) find that the initial dispersion
[Fe/H] is about 0.08 dex; the cosmic dispersion must be
than this value, as the measurement error is similar in ma
tude. Certainly the last word has not been said on this to
additional observations are required to firmly establish the c
mic dispersion.

Since our interest in this section is to estimate the proba
ity of forming Earth-mass terrestrial planets in the disk of t
Milky Way at any time and place, the relevant dispersion va
in [Fe/H] is that at the time of formation of a given star. For t
purpose of the present discussion, then, we will adopt a ti
constant dispersion in [Fe/H] of 0.08 dex. We show in Figs. 1 a
2 graphical representations of Eq. (1) assuming that terres
planet mass scales as 101.5[Fe/H] (see Section 2.1). The equatio
has not been extrapolated to times within 3 Gyr of the format
of Milky Way9 or within 2 kpc of the Galactic center due to th
breakdown of Eq. (1) in these regimes. As can be seen in F
solar metallicity was reached in the ISM in early times at sma
Rm.

Figures 1 and 2 should only be considered as rough app
imations for reasons already given. Another one is the assu
tion of constant dispersion in metallicity with time. The cosm

dispersion in metallicity (and in abundance ratios) was mu
greater in the early history of the Milky Way. This is a con

9 Note that in the present work we assume that the first metals incorpora
into the Milky Way were formed 15 Gyr ago.
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FIG. 1. (Top) Terrestrial planet mass plotted against time since the for
tion of the Milky Way for the ISM in the solar neighborhood. The nominal tre
calculated from Eq. (1) is shown as a solid curve; the mass of the planet
sumed to be proportional to 101.5[Fe/H] (see Section 2.1). The one-sigma upp
and lower bounds are shown as dotted curves. The Sun is shown as an
circle. (Bottom) Terrestrial planet mass plotted against Galactocentric dis
for the present ISM (diagram b).

sequence of the effect on ISM abundances of individual S
During the early rapid buildup of metals, the metal-poor IS
was more sensitive to the stochastic nature of inhomogeneo
distributed SNe. As the metallicity of the ISM increased, in
vidual SNe lead to smaller fractional increases of the meta
ity (and smaller changes to the abundance ratios). This e
is seen in the abundance patterns of the most metal-poor
in the halo. However, the large observed scatter in abunda
among the oldest stars in the Milky Way halo is not relevan
the present discussion, as their metallicities are too low to f
terrestrial planets. At later times the abundance variations ca
large for another reason. As the Milky Way ages, the gas m
teddecreases and, hence, becomes more sensitive to individual SNe
again.
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FIG. 2. Locus of points on the time–Galactocentric distance plane co
sponding to solar metallicity of the ISM. The diagram is divided into metal-p
and metal-rich regions (with respect to solar metallicity). Symbol meanings
the same as in Fig. 1.

We argued in Section 2 that certain elements must be pre
in the right proportions to build an Earth-substitute with simi
geophysics. Specifically, the C/O, Mg/Fe, Si/Fe, and S/Fe ra
are likely to be relevant to the habitability of a terrestrial plan
Of these, high-quality observational data exist for all but S/
Below we discuss the observed trends in these ratios among
disk stars.

There is relatively little published observational material
the C/O ratio. Garnettet al. (1999) presented C and O abu
dances for the nearby spiral galaxies M101 and NGC 2403. T
find radial gradients near−0.05 dex/kpc, though their results a
of a preliminary nature, given the small number of data po
in their sample. Observations of nearby solar-type stars sh
significant increase in the C/O ratio with Fe/H (∼0.23 dex/dex)
and, hence, with time. The chemical evolution models of Ca
(1996) imply that the slope of the C/O ratio with metallicity h
steepened greatly in the past few billion years, yielding a va
consistent with the observations. Carigi (1996) also finds
the C/O gradient in disk galaxies is negative, consistent with
observations of Garnettet al. (1999).

Given these trends, the formation of a planetary system w
a C/O ratio equivalent to that of the Sun will occur at a spec
time for a givenRm. If a low C/O ratio is required to build
habitable planetary systems, as was argued in Section 2,
stars born in the solar neighborhood in the future might no
accompanied by them. Without knowing what range of C/O
required for habitability, we cannot quantify its effect on t
habitable zone in the Milky Way, but observations of the par

stars of extra-solar-system planets might eventually allow us
better constrain it.
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The Mg/Fe and Si/Fe ratios are observed to be declining w
increasing Fe/H among disk stars with slopes near−0.3 and
−0.1 dex/dex, respectively. Therefore, in the future terrest
planets will form with relatively larger iron cores.

3.1.2. The thick disk, bulge, and halo.The thick disk has
properties intermediate between the halo and the thin disk
constituent stars are only slightly younger than those in the h
but substantially older than those in the thin disk. The th
disk population has a distinct chemical history compared to
thin disk. The stars have a mean [Fe/H] value near−0.6 dex,
and mostα elements (specifically O, Mg, Si, Ca, and Ti) ha
[X/Fe] values 0.2 to 0.3 dex above solar (Grattonet al. 2000,
Prochaskaet al. 2000). The most extreme members reach nea
solar [Fe/H], but mostα-element abundances are relatively co
stant throughout the observed range in [Fe/H]. Hence, if
assumptions from Section 2 are correct, then a terrestrial pl
that forms around a thick disk star is smaller and has a sma
iron core relative to its mantle compared to the Earth; the typ
terrestrial planet around a thick disk star should have about 1
the mass of the Earth. However, a small fraction of thick d
stars might be accompanied by an Earth-mass terrestrial pla

The bulge of the Milky Way (or of any other spiral galaxy
is not merely an extrapolation of the disk or halo; it is a d
tinct component. Star formation activity in the bulge peak
earlier than in the disk, but it has continued up through
present (Mollá et al. 2000). Owing to the different chemica
evolution history of the bulge compared to the disk, the ab
dance ratios among its stars are different from those am
stars in the solar neighborhood. Spectroscopic observation
Rich and McWilliam (2000) show that [Fe/H] ranges from−1.6
to+0.55 dex, with the peak near−0.2 dex. In addition, they
find [X/Fe] values near+0.2 to 0.3 dex near solar [Fe/H] fo
the α elements O, Mg, Si, and Ti. Globular clusters found
the bulge appear to share the composition characteristics o
bulge stars. Therefore, Earth-mass terrestrial planets shou
common in the bulge, but, as with thick disk stars, they like
have relatively small iron cores.

Halo stars span a wide range in metallicity, from [Fe/H]=
−4 dex to just below solar, with the peak near−1.5 dex; there
is also a trend of decreasing scatter in the abundances r
(expressed as X/Fe) with increasing metallicity (see review
Norris 1999). Star formation was active only during the first co
ple of billion years in the halo. The kinematics results in mos
eccentric, plunging orbits, which bring stars close to the Ga
tic center where they pass through the disk at high velocity (o
200 km/s). The halo also contains about 150 globular clust
which share the same metallicity distribution as the halo fi
stars, except for the absence of globular clusters with [Fe/H<
−2.5 dex. Therefore, on its chemical characteristics alone,
halo is very unlikely to contain habitable terrestrial planets.

3.1.3. Summary of C, O, Mg, Si, and Fe.In summary, each

toof the four components of the Milky Way is characterized by
a distinct composition, resulting from a distinct star formation
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a multiple linear regression fit to the data withRm and [Fe/H] as
independent parameters. A second-order fit would describe the
THE GALACTIC H

history. The precise composition of the Sun is the result o
history of chemical enrichment of the thin disk of the ISM n
likely to be found in the other components, though cosmic s
ter at a given metallicity will lead to some overlap. Even with
the thin disk, radial abundance gradients (somewhat analo
to the condensation sequence gradient in the early solar ne
ensure that stars with the solar composition are unlikely to f
far from the solar circle. Just how large a difference in com
sition can be tolerated in forming an Earth-substitute we can
yet answer, though.

3.2. The Long-Lived Radionuclides

3.2.1. Evolution of ISM abundances.Second in importance
for building terrestrial planets, after the mean metallicity of
ISM, is likely to be the relative abundances of the long-liv
radioisotopes. The heat released from the decay of long-l
radioactive isotopes is believed to be the primary source
internal heat in the present Earth. The most important h
producing isotopes are40K, 232Th,238U, and235U (Fowler 1990,
Kargel and Lewis 1993). The present abundances of these
topes have been well determined in primitive meteorites (And
and Grevesse 1989). Outside the Solar System, only the at
abundances of K and Th can be determined from photosph
stellar spectra. Since232Th is the only long-lived isotope of thi
element, its abundance can be equated with the spectros
cally derived atomic value; this cannot be done with K. We w
address the more difficult case of40K later in this section.

The isotopes of Th and U are produced only by ther -process,
and SNe II are believed to be their main production s
(Mathewset al. 1992, Timmeset al. 1995, Cowanet al. 1999).
The half-lives of232Th, 235U, and238U are 14.05, 0.7038, an
4.468 Gyr, respectively. We begin by calculating the evolut
of the Th and U abundances relative to Fe in the local ISM.
employ Fe as the reference element for two reasons: (1) Fe
most abundant element in the Earth by weight, and (2) Fe,
and U have similar condensation temperatures (Lewis 19
Therefore, Fe, Th, and U are likely to experience fractiona
to similar degrees during the early stages of planet formatio
a protoplanetary disk.

For the purpose of employing theoretical Galactic chem
evolution models, it is useful first to compare the evolution of
Th and U abundances to that of a stabler -process element. Thi
procedure is advantageous since these species are produc
the same source, and there is some empirical evidence tha
r -process abundance pattern is universal (Cowanet al. 1999).
Assuming it is, the ratio of the abundance of a radioactiver -
process element to that of a stabler -process element will hav
only a weak dependence on the details of Galactic chem
evolution. The best such reference element is Eu, because
easy to measure in stellar spectra, and nearly all of it co
from ther -process (all but 3% in the Solar System accord

to J. J. Cowan, private communication, 1999). We can de
mine the Eu/Fe ratio from observations and convert it to Th/
ABITABLE ZONE 193
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FIG. 3. Trend of [Eu/Fe] with [Fe/H] using data from Woolfet al. (1995),
corrected forRm = 8.8 kpc (dots; panel a); the bracket notation employed h
and in the following captions is a logarithmic abundance scale relative to
Sun (see text for a definition). The data have been separated into three g
in panel b; the standard error of the mean is shown for each point. Equatio
is shown as a line in panel b.

and U/Fe ratios by applying theoretical Th/Eu and U/Eu rati
respectively.10

We display in Fig. 3a the [Eu/Fe] estimates for a sample of
nearby single F and G dwarfs from the spectroscopic stud
Woolf et al. (1995); this is currently the best such sample. W
have fit a simple linear equation to the data,

[Eu/Fe]c = −(0.005± 0.013)− (0.282± 0.039)[Fe/H], (2)

where [Eu/Fe]c is the value of [Eu/Fe] corrected to the solarRm

by adding the term 0.11 (Rm − 8.8), which was determined from
ter-
Fe

10 There are measurements of the Th/Fe ratio in a few nearby solar-type stars,
but they are not considered very reliable, and so we will not make use of them.



d
it
e
o

lp
i
M
n

c

n

i
f

o
n
f

th
u
t

lc
n
9

c
o

s rel-

been
opic
lcula-

s

rs and

ut
em
re
ply
s is

two
nce
d of
tem
e, it
typ-

stem
lky
the
ex-
the
n be

-
ad
he

present discussion to calculate the abundances of the radioactive
elements 4.5 Gyr after the formation of the star. We show the

11 Note that Eqs. (3) and (4) yield the abundance of a given species in the ISM
at some timet , after the formation of the Milky Way. To calculate the free decay
194 GONZALEZ, BROW

data slightly better, but for the present application, a first-or
fit is sufficient (see Fig. 3b). When combined with Eq. (1) w
R= Rm, Eq. (2) gives us a [Eu/Fe]c–age relation (note that th
time scale for this relation is based on stellar evolution the
not nucleocosmochronology).

Next, we calculate [232Th, 235U, 238U/Eu]–age relations. In
this case, observations are very sparse, but theory can he
We make use of Clayton’s (1988) Eqs. (13) and (14), which g
the abundances of stable and radioactive species in the IS
a function of time. The equations are based on a Galactic i
model with three adjustable parameters:k, ω, and1. Clayton’s
equations are

Z − Z0 = yω1

k+ 1

[
t +1
1
−
(

t +1
1

)−k]
(3)

and

Zλ − Z0e−λt = yωe−λt

(
t +1
1

)−k

Ik(t, λ), (4)

where Eq. (3) applies to stable isotopes and Eq. (4) to radioa
ones. TheIk(t, λ) term is given by Clayton as a function oft,1,
andλ (the radioactive decay rate) for a givenk. The production
yield of a given isotope is denoted byy, and the gas consumptio
rate is denoted byω. The parameters1 andk determine infall
rate as well as the disk mass growth rate. We will be work
with Eqs. (3) and (4) in ratio form only, and so knowledge oω
is not required for our application.

Pagel and Tautvaisiene (1995) have applied, in slightly m
fied form, Clayton’s model to the observed abundance tre
among local disk stars. They derived the following values
the infall model parameters:k = 3, ω = 0.3 Gyr−1, and1 =
4.33 Gyr; in addition, they adopted an age of 15 Gyr for
Milky Way (which is consistent with the time scale of o
Eq. (1)). These values differ slightly from Clayton’s older es
mates:k = 1, ω = 0.3 Gyr−1, and1 = 1 Gyr. We will adopt
the estimates of Pagel and Tautvaisiene in the following ca
lations, since they are based on more recent data. We also
the production ratios. Cowan (private communication, 19
gives: log(Th/Eu)0 = −0.32, log(235U/Eu)0 = −0.48, and log
(238U/Eu)0 = −0.68. (Combining the theoretical Th/Eu produ
tion ratio with the observed Th/Eu ratio in two very metal-po
stars, Cowanet al. (1999) derive a mean age of 15.6± 4 Gyr
for them.)

With this set of parameter values and Eqs. (3) and (4), we h
calculated the present abundances of the Th and U isotope
ative to Eu for a star formed at a timet , after the formation of
the Galaxy (Fig. 4). The absolute abundance ratios have
converted into relative ones using the present meteoritic isot
abundances listed by Anders and Grevesse (1989). The ca

tions take into account the free decay of the radioactive isoto
in the atmosphere of a star between the time of its formati
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FIG. 4. The present relative abundances of ther -process radioisotopes, a
[232Th, 235U, 238U/Eu], as a function of a star’s formation timet . The abun-
dances shown are relative to the present meteoritic abundances from Ande
Grevesse (1989). The Solar System value is indicated with an open circle.

and the present.11 There are a couple of points to notice abo
Fig. 4: (1) the calculations yield very nearly the Solar Syst
abundances att = 10.5 Gyr, and (2) the relative abundances a
greater in the recently formed stars. The second point is sim
due to the fact that the mean age of the radioactive isotope
less in the younger stars.

The close agreement between theory and observation for
very metal-poor halo stars and for the Sun gives us confide
that the analysis is self-consistent. But, we should note a wor
caution concerning comparison of theory with the Solar Sys
abundances. In general, due to the Weak Anthropic Principl
is dangerous to assume that a particular solar parameter is
ical (Gonzalez 1999b). Those studies that use the Solar Sy
Th/r -process ratio to derive an estimate of the age of the Mi
Way might therefore be incorrect. They should instead use
mean ratio determined from a sample of nearby stars which
cludes the Sun. Unfortunately, it is not possible to determine
Th/Eu ratio in the atmosphere of a star as precisely as it ca
determined in a meteorite.

To form the [232Th,235U, 238U/Fe]–age relations, we can com
bine the results of Fig. 4 with Eqs. (1) and (2). However, inste
of using the results of Fig. 4 directly, it is more appropriate for t
pes
on
of a radioactive isotope betweent and the present, Eq. (4) must be multiplied
by e−(15−t)λ.
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FIG. 5. The [232Th, 235U, 238U, 40K/Fe] values in a star 4.5 Gyr after it
formation as a function of formation timet . The error bars shown at the time o
the formation of the solar system are based on an uncertainty of±10% in the
production ratios. The Solar System value is indicated with an open circle

results of such a calculation in Fig. 5. The results indicate t
relative to Fe, all three radioactive isotopes decrease witht . For
example, stars born today will, in 4.5 Gyr, have a smaller rati
Th/Fe than the Sun does today. This is because the Fe abun
in the ISM is rising more rapidly than is the Th abundance.

The Galactic chemical evolution of40K is more difficult to
determine for two reasons: (1) the sources of40K are diverse,
with bothr - ands-processes contributing and (2) it is not pos
ble to measure the abundance of40K in the spectra of stars. Th
most abundant isotopes of K in the Solar System are39K and
41K, both of which are produced by Type II SNe (Thielema
et al. 1996); stellar spectra only give us the sum of the39K,
40K, and41K abundances. In addition, since K is more volat
than U and Th, it will condense out of the protoplanetary neb
at relatively larger radial distances from the parent star. He
there is a radial gradient in the radiogenic isotope concentra
among planetary embryos; the gradient should be particu
important if significant amounts of K can be incorporated i
the core, which should form early in the accretion process.

The isotopes of the elements Se, Kr, Rb, and Sr are li
to be produced in the same site as40K (Prantzoset al. 1990,
Podoseket al. 1999). They belong to the so-called we
s-process component, i.e., the one with the smallest neu
exposure, of the Solar System isotopic distribution, which
thought to be produced in the He-burning regions of mas
stars (Käppeleret al. 1989, Prantzoset al. 1990). Some40K is
also produced in SNe II (Thielemannet al. 1996), but the primary
production is probably by thes-process. According to Cowa
(personal communication, 1999), thes-process contribution o

K is 89% in the Solar System. Thus, although40K is produced
by more than one mechanism, it is probably dispersed into
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ISM by SNe II (note that we are not saying that40K is generated
in a SN II event, but, rather, that the40K produced previously
in the interior of the SN progenitor is dispersed into the ISM
the explosion). Of the weak s-process elements listed above
easiest to measure in stellar spectra is Sr.

Therefore, we will calculate the Galactic evolution of th
abundance of40K relative to that of Sr. As we did for Th and
U, we begin by deriving the relation between the stable re
ence element and Fe. Employing the observations of Gra
and Sneden (1994), we derive

[Sr/Fe]= −(0.18± 0.04)− (0.29± 0.06)[Fe/H] (5)

from 11 stars with [Fe/H]> −1.3 dex. Notably, the slope of this
relation is nearly identical to that of the [Eu/Fe] trend (Eq. (2
implying that Sr and Eu come from the same sources. Howe
because Sr is a secondary element, one would expect it to
a different dependence on Fe. The close agreement betwee
two slopes is probably fortuitous. As above, we make use
Clayton’s equations to derive the evolution of the40K/Sr ratio.
We adopt the value of the half-life for40K given by Fowler
(1990), 1.25 Gyr, which includes the effects of the branch
decay of this isotope. Unfortunately, the production ratio
40K/Sr (≡(40K/Sr)0) is not well known, and so we have set i
value to give the present Solar System abundance ratio; we
(40K/Sr)0 = 0.64. The resulting trend of [40K/Fe] is shown in
Fig. 5. The curve does not pass through zero att = 10.5 Gyr,
because the Sun has a greater Sr/Fe ratio than other solar m
licity stars used to derive Eq. (5); this might be another exam
of an anomalous solar parameter value related to habitab
(see Gonzalez 1999b).

Even before we produced Fig. 5, it was already clear t
[40K/Fe] should decline with time given the observed decline
[O/Fe] with time. This is the case because O is injected into
ISM by the same types of stars as is40K. However, this does not
mean that40K is declining in the ISM; on the contrary, its mas
fraction is increasing (Podoseket al. 1999).

Finally, we should note that our calculations of the time ev
lution of long-lived radioisotopes assume that the evolution
their abundances can be approximated by smooth functi
This assumption is justified if the immediately preceding S
in the vicinity of the forming planetary system contributed on
a relatively small fraction of freshly synthesized isotopes to
Podoseket al. (1999) estimate that about 3% of the40K in the
early Solar Nebula was contributed by a massive star SNe
mediately preceding its formation. This is sufficiently small n
to invalidate our assumption.

3.3. Evolution of Terrestrial Planet Radiogenic Heating

Now that we know the evolution of the abundances of the lo
lived radionuclides in the ISM, we can estimate the evolut
of the radiogenic heating in a terrestrial planet. We will use
the
Earth as the standard in the following discussion for obvious
reasons.
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In the calculations of the previous section, we adopted w
are believed to be the isotopic abundances characteristic o
Solar System as a whole prior to the fractionation of the vola
elements. However, the present bulk compositions of the p
ets vary considerably. In the Earth, the noble elements (He,
Ar, etc.) and other volatiles (H, CNO) are greatly underrep
sented relative to the solar photospheric abundances. Karge
Lewis (1993) give estimates for the amounts of K, Th, and
in the core and the mantle+ crust of the Earth; they estimat
210 ppm by weight of K and no significant U or Th in the co
More recently, Lodders (1995) and Kargel (1995) argue fo
higher core abundance of K (550 ppm), based on the assu
tion that the Earth accreted from material similar in composit
to enstatite chondrites. We will adopt this second estimate fo
core abundance of K and Kargel and Lewis’s (1993) values
the mantle+ crust abundances of K, Th, and U. Herndon (199
estimated the mass of U in the core based on the compositio
the Abee enstatite meteorite; he quotes masses of 5.8×1016 g
for 235U and 8.0× 1018 g for 238U in the core, both of which we
adopt. To calculate the mass of232Th in the core, we assume th
same ratio of Th/U as quoted by Anders and Grevesse (1
for meteorites. This set of abundances results in bulk-Earth
C1-chondrite ratios of 1.92 for U, 1.89 for Th, and 0.62 for
Relative to Fe, these ratios are U/Fe= 1.12, Th/Fe= 1.10, and
K/Fe= 0.36.

While we adopt specific values for the abundances of the
dioactive isotopes in this section, we need to be clear that s
of these numbers are not yet well known. This is particula
the case for K, for which the core abundance is still cont
versial, and for which the degree of fractionation during pla
formation is also uncertain. Therefore, our quoting number
two significant digits does not imply that the estimates are to
accepted at that level of precision.

To calculate the radioactive heating, we also need to kn
the amount of energy produced per decay, which we adopt f
Faure (1977). We show the results of our calculations for
Earth in Fig. 6. Our calculations give a present-day radioge
heat production rate of 3.25× 1020 erg s−1 for the entire Earth;
the core contributes 22%. The observed present global hea
rate at the Earth’s surface is (4.42±0.10)×1020 erg s−1 (Pollack
et al. 1993). It is not clear if the deficit can be accounted
entirely from uncertainties in the radioisotope abundances. M
likely, other heat sources, such as secular cooling of the core
mantle, can make up the difference (see Breuer and Spohn (1
and references cited therein).

Combining the results of this section with those of the pre
ous one, we can calculate the evolution of the radiogenic
production in a terrestrial planet formed at any time since
formation of the Milky Way. There are two ways of approachi
this problem: (1) we can keep the planet mass constant, or (2
can assume that the planet mass scales with 101.5[Fe/H] (see Sec-
tion 2.1). The first case is applicable to a discussion that assu

that a terrestrial planet near the Earth’s mass is a requirem
for complex life. The second case is probably closer to real
NLEE, AND WARD
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FIG. 6. Evolution of radiogenic heating from the decay of40K, 232Th,
235U, and238U in the Earth’s interior. The dot represents the observed pre
heat loss at the surface of the Earth (Pollacket al. 1993). Heret corresponds to
the time since the formation of the Earth.

but it complicates the interpretation, since we are introduc
yet another parameter.

As already noted, the bulk composition of the Earth diffe
from C1-chondrites, whose abundance pattern is a close m
to that of the solar photosphere (except for the most vola
elements). The differences are most likely due to the hig
nebular temperatures in the inner protoplanetary disk, wh
the Earth formed. The place of formation of the C1-chondi
allowed them to experience relatively less volatile fractionat
during their condensation. Therefore, to calculate the radiog
heating in the interior of an Earth-like terrestrial planet, we m
first scale the stellar K/Fe, Th/Fe, and U/Fe abundance ra
from Fig. 5 using the bulk Earth-to-C1-chondrite ratios giv
above. We show the results of such a calculation in Fig. 7. T
indicate that a terrestrial planet with the same formation ti
and age as the Earth produces only 36% as much radiog
heat, and one forming today will, in 4.5 Gyr, produce only 21
as much. This is due to the smaller value of40K/Fe predicted
by our Galactic chemical evolution calculations. It is not cle
if the 40K/Fe ratio in the Earth really is anomalously high fo
its formation time, so we have also calculated the radioge
heating in an Earth-mass terrestrial planet assuming the Ea
current radiogenic heat production to be typical (Fig. 7, dot
curve). In this second case, an Earth-twin formed today w
in 4.5 Gyr, have 60% of the present Earth’s radiogenic h
production.

The radiogenic heat production for variable planet mas
shown in Fig. 8. As can be seen in the figure, for a terrest

1.5[Fe/H]
ent
ity,
planet with a mass that scales with 10 , the radiogenic
heat production levels off. However, if we are correct in our
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five bandpasses from Sloan Digital Sky Survey commissioning
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FIG. 7. Radiogenic heating in an Earth-mass planet 4.5 Gyr after its
mation relative to the present radiogenic heating in the Earth as a functio
formation time (solid curve). This is based on the data in Figs. 5 and 6. The
have also been multiplied by a constant in order to pass through unity at =
10.5 Gyr (dotted curve).

speculation that significantly higher metallicities lead to l
habitable systems (discussed in Section 2), then larger terre
planets formed in the future at our distance from the Gala
center will not necessarily be as habitable as the present E

FIG. 8. Same as Fig. 7 but for planet mass that is proportional to 101.5[Fe/H] ;

the solid and dotted curves have the same meaning as before. The planet
relative to the Earth is indicated by a dashed curve.
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4. OTHER GALAXIES

Like stars, galaxies span a very broad range in luminosity (
mass). The Milky Way is classified as a large spiral galaxy
morphological type SAB(rs)bc with an absolute blue magnitu
MB, of −20.2± 0.15 magnitudes (de Vaucouleurs 1982). It
one of three spirals in the Local Group.

It is now well established from observations that a metallici
luminosity correlation exists among galaxies of all typ
Pilyugin and Ferrini (2000) discuss this correlation among la
type galaxies (see their Fig. 1); the sense of the correlatio
such that luminous galaxies are more metal-rich than les
minous ones. We can calculate the fraction of galaxies tha
less luminous than the Milky Way (and therefore more me
poor) by comparing the Milky Way’s luminosity to the near
galaxy luminosity function. The observed luminosity functi
of a sample of nearby galaxies is usually fitted to a Schec
function (Schechter 1976), which is of the form

ϕ(L) dL = ϕ∗
(

L

L∗

)α
exp

(
− L

L∗

)
dL

L∗
, (6)

where

L

L∗
= 100.4(M∗−M). (7)

Folkeset al. (1999) present results of an analysis of a p
liminary sample of 5869 galaxy spectra from the 2dF Gal
Redshift Survey. A Schechter function fit to their dataset yie
the following values for the constants in Eqs. (6) and (7) (in b
light): M∗ = −19.73 magnitudes andα = −1.28. Restricting
our calculations toMB between−14 and−22 magnitudes, we
find that (1) the Milky Way is among the 0.7% most lumino
galaxies in the blue and (2) these most luminous galaxies
tain 16% of the blue light (and, presumably, 16% of the sta
Of course, this is only an approximate estimate; we did not
clude in our calculation the cosmic dispersion in metallicity a
given luminosity nor the spread in metallicity in a given gala
Exclusion of these other factors may increase the uncertain
our estimate by a few percent.

If we were to assume that the total number of stars in a ga
is proportional to its luminosity in the blue, then we could ju
equate the relative luminosities given above to the relative n
bers of stars. Unfortunately, in the blue we are sensitive to
relatively small number of massive blue stars recently forme
a galaxy, and so we are in effect biased toward galaxies with
tive star formation activity. To reduce this bias, we can repea
above calculation with observations obtained with a redder b
pass. Reed (2000) estimates that massive stars contribute
2% of the Milky Way’s luminosity in the visual band. De Vau
couleurs (1982) gives the Milky Way’sMV as−20.73± 0.16
magnitudes. Blantonet al. (2001) derive luminosity functions in
mass
data. None of the Sloan filters is equivalent to the Johnson V



d

y

s

e
l
)
n
s
s
s
m
fe
v
e
b

r

a
ti

s
T
c
u

t
o

m
n
i

/F
re
a
b
ia

ary
ble

view
are
ial

ally
gy,

ur-
ce
ge,
the

rial
e on
the
ass

ent
n of
hes
ry
th
ly

y’s
in
as in
rse
es
ss

y is
s not
de
rba-
pers
s us
ry,

ay
up.

lpful
ers,

and
und

ic and
198 GONZALEZ, BROW

filter, but the average wavelength of the Sloang∗ andr ∗ filters is
equivalent to it. The Schechter function constants correspon
to the average of the Sloang∗ andr ∗ filters areM∗ = −20.40
magnitudes andα = −1.23. Restricting our calculations toMV

between−15 and−23 magnitudes, we find that (1) the Milk
Way is among the 1.3% most luminous galaxies in the vis
and (2) these most luminous galaxies contain 23% of the vi
light.

Of course, these results do not apply to the distant (and h
early) universe (e.g., the Hubble Deep Fields). The meta
ity was much less then (see Wasserburg and Qian (2000
a discussion of the very early metallicity evolution of the u
verse). Also, the radiation environment was much more ho
due to the higher frequency of transient radiation events (e
cially in the center of a galaxy, where the metallicity is highe
Therefore, it is likely that the Hubble Deep Fields are co
pletely devoid of habitable planets (except possibly for a
nearby foreground galaxies). Until recently, studies of the e
lution of star formation activity in the larger universe indicat
that it peaked near a redshift of 2, which corresponds to a
3 Gyr after the Big Bang (Blain and Natarajan 2000). Howev
more recently, some have begun to argue that the star fo
tion rate peaked prior to a redshift of 2 (e.g., Metcalfeet al.
2000).

5. SUMMARY

We have argued that there exists a zone of enhanced h
ability in the Milky Way, which we have termed the Galac
Habitable Zone (GHZ). One of the more important factors
the metallicity of the interstellar matter out of which a plan
tary system forms. This determines the masses of the terre
planets in the system (and probably also the gas giants).
is based on the assumption that terrestrial planet mass s
with the surface density of solids in a protoplanetary disk, s
that lower metallicity leads to smaller planets. We estimate, v
approximately, that a metallicity at least half that of the Sun
required to build a habitable terrestrial planet. These assu
tions need to be tested with simulations of planetary forma
with adjustable initial metallicity starting with the collapse
the birth cloud.

Also important is the decrease in the interstellar medium ab
dances of the long-lived radioisotopes40K, 235,238U, and232Th
relative to Fe. Given the lack of a suitable alternative geother
energy source, radiogenic heating is a necessary requireme
the long-term maintenance of a terrestrial planet’s habitab
via climate stability provided by the carbon cycle. Of som
what lesser importance for habitability are the ratios C/O, Si
Mg/Fe, and S/Fe. These affect the water content, the co
mantle mass ratio, and the state of the core of a terrestrial pl
The least certain aspect of our calculations concerns the a
dance of40K, both in the interstellar medium and in terrestr

planets. Additional research on all aspects of40K abundances is
warranted.
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In the process of defining the GHZ, we found it necess
first to establish the links between the Circumstellar Habita
Zone and Galactic scale phenomena. As a result of our re
of studies of the CHZ, we found that many important factors
not included in its general definition. These include the rad
composition gradient in the early protoplanetary disk (especi
with regard to40K), the radial dependence of impactor ener
and details of the late stages of planet accretion.

Based on Galactic chemical evolution alone, we find, not s
prisingly, that the thin disk near the Sun is the most likely pla
for Earth-like planets to form in the present time. On avera
the inner disk should contain terrestrial planets larger than
Earth, and the outer disk is likely to contain smaller terrest
planets. Given recent evidence of a metallicity dependenc
giant planet formation, they should also be more common in
inner Galactic disk. The bulge should contain many Earth-m
planets but relatively few Earth-like planets, given the differ
mix of elements among its stars. The evolving concentratio
the geophysically important radioisotopes in the ISM establis
a window of time (albeit with fuzzy boundaries) in the histo
of the Milky Way during which terrestrial habitable planets wi
long-lasting geological activity can exist. That window is slow
closing with a time scale of billions of years.

Observations of other galaxies show that the Milky Wa
star formation history is probably not atypical. Star formation
other large galaxies probably peaked at about the same time
the Milky Way. The observed correlation in the nearby unive
between the metallicity of a galaxy and its luminosity impli
that low luminosity galaxies are unlikely to contain Earth-ma
planets yet.

Of course, the definition of the GHZ presented in this stud
not complete, as we did not discuss Galactic scale constraint
directly related to Galactic chemical evolution. These inclu
threats from transient radiation events and dynamical pertu
tions of comet and planet orbits (to be discussed in future pa
in this series). Consideration of these other constraints lead
to exclude the bulge and inner disk from the GHZ. In summa
then, the GHZ is an annulus in the thin disk of the Milky W
that migrates outward with time as the heavy elements build

ACKNOWLEDGMENTS

The authors thank J. J. Cowan, J. Lissauer, and G. Wallerstein for he
advice and comments. The constructive and thoughtful critiques of the review
J. Lissauer, C. P. McKay, and V. Trimble, helped to clarify the presentation
are greatly appreciated. GG acknowledges support from the Kennilworth F
of the New York Community Trust.

REFERENCES

Anders, E., and N. Grevesse 1989. Abundances of the elements: Meteorit
solar.Geochim, Cosmochem. Acta53, 197–214.

Balázs, B. S. 1988. The Galactic belt of intelligent life. InBioastronomy—The
Next Steps(G. Max, Ed.), pp. 61–66. Kluwer Academic Publ., Dordrecht.
Blain, A. W., and P. Natarajan 2000. Gamma-ray bursts and the history of star
formation.Mon. Not. R. Astron. Soc. 312, L35–38.



A

l

b

e

i

v

t

u

l

u

o

,

h

s

b

a
c

s

-

ch.

f ex-

ments

nces
the

y of

s in

f the

their

clear

the

otas-

n of

ound

nd

nets

tary

tite

ment
is.
THE GALACTIC H

Blanton, M. R.,et al. 2001. The luminosity function of galaxies in SDSS com
missioning data.Astron. J., in press.

Brakenridge, G. R. 1981. Terrestrial paleoenvironmental effects of a
quanternary-age supernova.Icarus46, 81–93.

Breuer, D., and T. Spohn 1993. Cooling of the Earth, Urey ratios, and the pro
of potassium in the core.Geophys. Res. Let. 20, 1655–1658.

Buffett, B. A. 2000. Earth’s core and the geodynamo.Science288, 2007–2012.

Butler, R. P.,et al. 2001. Statistical properties of extrasolar planets. InPlanetary
Systems in the Universe: Observation, Formation, and Evolution(A. Penny,
P. Artymowicz, and A.-M. Lagrange, and S. Russell, Eds.), ASP Confere
Series, Astron. Soc. Pac., San Francisco, in press.

Butler, R. P.,et al. 2001. Two new planets from the Anglo-Australian plan
search.Astrophys. J., in press.

Carigi, L. 1996. Models of chemical evolution of the Galactic disk: Consider
different SFR, IMF, and infall rates.Rev. Mexicana Astron. Astrofis. 32, 179–
192.

Chen, Y. Q., P. E. Nissen, G. Zhao, H. W. Zhang, and T. Benoni 2000. Chem
composition of 90 F and G dwarfs.Astron. Astrophys. Suppl. 141, 491–506.

Clarke, J. N. 1981. Extraterrestrial intelligence and galactic nuclear acti
Icarus46, 94–96.

Clayton, D. D. 1988. Nuclear cosmochronology within analytic models of
chemical evolution of the solar neighborhood.Mon. Not. R. Astron. Soc. 234,
1–36.

Cowan, J. J., A. McWilliam, C. Sneden, and D. L. Burris 1997. The thori
chronometer in CS 22892-052: Estimates of the age of the Galaxy.Astrophys.
J. 480, 246–254.

Cowan, J. J., B. Pfeiffer, K.-L. Kratz, F.-K. Thielemann, C. Sneden, S. Bur
D. Tytler, and T. Beers 1999. r-process abundances and chronometers in m
poor stars.Astrophys. J. 521, 194–205.

de Vaucouleurs, G. 1982. Five crucial tests of the cosmic distance scale
the Galaxy as fundamental standard.Proc. Astron. Soc. Aust. 4(4), 320–327.

Draganic, I. G., E. Bjergbakke, Z. D. Draganic, and K. Sehested 1991. Dec
position of ocean waters by potassium-40 radiation 3800 Ma ago as a s
of oxygen and oxidizing species.Precambrian Res. 52, 337–345.

Edvardsson, B., J. Andersen, B. Gustafsson, D. L. Lambert, P. E. Nissen
J. Tomkin 1993. The chemical evolution of the Galactic disk: I. Analysis a
results.Astron. Astrophys. 275, 101–152.

Ellis, J., and D. N. Schramm 1995. Could a nearby supernova explosion
caused a mass extinction?Proc. Nat. Acad. Sci. 92, 235–238.

Faure, G. 1977.Principles of Isotope Geology. John Wiley & Sons, New York.

Folkes, S.,et al. 1999. The 2dF Galaxy redshift survey: Spectral types a
luminosity functions.Mon. Not. R. Astron. Soc. 308, 459–472.

Fowler, C. M. R. 1990.The Solid Earth: An Introduction to Global Geophysic.
Cambridge Univ. Press, Cambridge.

Franck, S. 1998. Evolution of the global mean heat flow over 4.6 Gyr.Tectono-
physics291, 9–18.

Franck, S., K. Kossacki, and C. Bounama 1999. Modelling the global car
cycle for the past and future evolution of the Earth system.Chem. Geol. 159,
305–317.

Franck, S., A. Block, W. von Bloh, C. Bounama, H. J. Schellnhuber,
Y. Svirezhev 2000a. Reduction of biosphere life span as a consequen
geodynamics.Tellus52B, 94–107.

Franck, S., A. Block, W. von Bloh, C. Bounama, M. Steffen, D. Sch¨onberner,
and H. J. Schellnhuber 2000b. Determination of habitable zones in extra
planetary systems: Where are Gaia’s sisters?J. Geophys. Res. 105, 1651–
1658.

Gaidos, E. J. 2000. A cosmochemical determinism in the formation of Earth
planets.Icarus145, 637–640.
Garnett, D. R.,et al. 1999. Carbon in spiral galaxies from Hubble Space Tel
scope spectroscopy.Astrophys. J. 513, 168–179.
BITABLE ZONE 199

-

ate

lem

nce

t

ng

ical

ity.

he

m

es,
etal-

sing

om-
urce

and
nd

ave

nd

on

nd
e of

olar

like

Gilliland, R. L.,et al. 2000. A lack of planets in 47 Tucanae from an HST sear
Astrophys. J. 545, L47–51.

Gonzalez, G. 1999a. Are stars with planets anomalous?Mon. Not. R. Astron.
Soc. 308, 447–458.

Gonzalez, G. 1999b. Is the sun anomalous?Astron. Geophys. 40, 5.25–5.29.

Gonzalez, G., C. Laws, S. Tyagi, and B. E. Reddy 2001. Parent stars o
trasolar planets VI: Abundance analyses of 20 new systems.Astron. J. 121,
432–452.

Gratton, R. G., and C. Sneden 1994. Abundances of neutron-capture ele
in metal-poor stars.Astron. Astrophys. 287, 927–946.

Gratton, R. G., E. Carretta, F. Matteucci, and C. Sneden 2000. Abunda
of light elements in metal-poor stars. IV. [Fe/O] and [Fe/Mg] ratios and
history of star formation in the solar neighborhood.Astron. Astrophys. 358,
671–681.

Greenberg, R., P. Geissler, B. R. Tufts, and G. Hoppa 2000. Habitabilit
Europa’s crust: The role of tidal-tectonic processes.J. Geophys. Res. 105,
17,551–17,562.

Hart, M. H. 1979. Habitable zones about main sequence stars.Icarus37, 351–
357.

Henry, R. B. C., and G. Worthey 1999. The distribution of heavy element
spiral and elliptical galaxies.Publ. Astron. Soc. Pac. 111, 919–945.

Herndon, J. M. 1993. Feasibility of a nuclear fission reactor at the center o
Earth as the energy source of the geomagnetic field.J. Geomag. Geoelectric.
45, 423–437.

Hou, J. L., N. Prantzos, and S. Boissier 2000. Abundance gradients and
evolution in the Milky Way disk.Astron. Astrophys. 362, 921–936.

Huang, S.-S. 1959. Occurrence of life in the universe.Am. Sci. 47, 397–402.
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