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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, 235238 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.
(© 2001 Academic Press
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1. INTRODUCTION

While its definition has varied somewhat over the past for
decades, the Circumstellar Habitable Zone (CHZ) has gent
ally been defined to be that region around a star where liqu
water can exist on the surface of a terrestrial (i.e., Earth-like
planet for an extended period of time (Huang 1959, Sagan a
Shklovsky 1966, Hart 1979). Estimates of its size have varied
climate models have been refined (Kastetgal 1993, Franck
et al. 2000b), but the present models do have some shortcol
ings. The most serious one is the adoption of the present Ea
as the standard when applying the CHZ to other locations
the universe or other epochs in Earth’s history. For exampl
the width of the CHZ is influenced by chemical weathering
but its efficiency is greatly increased by the presence of vascul
plants (see Moulton and Berner 1998). Therefore, application
extant CHZ models to other planetary systems assumes that
vanced plant life is already present. This inherent inconsisten
notwithstanding, the CHZ is still a useful concept around whicl
the presence of advanced life in the universe can be conside
in a quantitative way.

Here we propose that, in an analogous fashion, there exi:
within galaxies a region favorable to the development and lon
term maintenance of complex life comparable to terrestrial ar
mals and complex plants. In the Milky Way this region forms at
annulus in the disk, the boundaries of which are set by sevel
Galactic-scale astrophysical processes that are likely to relz
to habitability on terrestrial plantes. Its location is variable witt
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time, due, for example, to the evolution of the abundances dper in a series we will address the constraints imposed on t
heavy elements (including the long-lived radioactive isotope&HZ by Galactic chemical evolution, focusing on the produc
in the interstellar medium. The inner limit of this newly definedion history of biologically important elements. In future paper:
Galactic Habitable Zone (GHZ) is set by high-energy evenige will discuss threats from transient radiation events and a
such as supernovae and gamma ray bursts, higher metallitétsoid and comet impacts and give quantitative estimates of tl
leading to orbital decay of planets, and gravitational perturbsize and time evolution of the GHZ in the Milky Way and in
tions of Oort cloud comets sufficient to cause frequent comether galaxies. In the following we begin with a presentation o
impacts (to be discussed in a future paper). These events caugeworking definition of a habitable planet and a discussion ¢
mass extinctions and perturb complex life. The outer limit dhe basic geophysical requirements, follow this by a discussic
the GHZ, the subject of this paper, is set by Galactic chemicafl the astrophysical processes that provide the basic planet:
evolution, and, in particular, the radial disk metallicity gradienbuilding blocks, compare the Milky Way habitability to other
A certain minimum abundance of heavy elements is neededarby galaxies, and end with a summary of the GHZ concep
fully assemble Earth-size planets in the CHZ. In addition, we

argue that certain elements must be present with the right mix. 2. DEFINING A HABITABLE PLANET
The boundaries of the GHZ are not rigid, well definable limits,
rather, are probabilistically defined. Throughout the following we adopt the Earth as the referenc

Ours is not the first discussion of Galactic-scale constrairtiabitable terrestrial planet, which we do for two simple reason
on habitability. Trimble (1997a,b) considered, in a general wafl,) it is the only example we have, and (2) comparative plane
the composition of the Sun in the broader context of Galacticlogy in the Solar System indicates that the Earth’s habitabilit
chemical evolution and how heavy element abundances in thay be near optimal (especially for complex life). However, thic
interstellar medium constrains the timing and location of hab#econd assumption may not be true for every parameter; for i
able planets. Clarke (1981) discussed the possible limitationssiance, the Earth may not have an optimal impact rate (impac
the habitability of a galaxy undergoing a Seyfert-like outburstan have both positive and negative consequences). We emp
Several astronomers have been arguing since the early 198@sterm habitability to refer to environmental requirements sui
(e.g., Balizs 1988, Marochnik 1984) that the placement of theble for Earth-like animal-like aerobic life, not the broader rang
Sun’s galactic orbit very near the corotation circle is an impoof conditions that might support microbial life. We have identi-
tant requirement for habitability. Finally, many papers have beéird three necessary (though not sufficient) requirements for su
published since the early 1970s about the possible damagingaefiabitable terrestrial planet: (1) an ocean and some dry lar
fects of a nearby supernova (e.g., Brakenridge 1981, Ellis af®) moderately high @abundance, and (3) long-term climate
Schramm 1995). Each of these previous studies focused on astigbility. The moderately high Qand low CQ) abundance is
one type of Galactic-scale constraint. Tucker (1981) was oneabfiecessity for large mobile life on physiological grounds an
the few to consider habitability in the Galaxy within a broadealso for building an ozone shield (McKay 1996). An ocean i
framework, but his treatment was very superficial and is nosquired primarily for temperature regulation via the operatiol
seriously outdated. of a water cycle on a global scale, plate tectonics, and chemic

Much of our motivation for investigating the possible link beweathering (on land). A completely ocean-covered planetis e
tween Galactic-scale astrophysical processes and life on a tdnded from consideration, because it eliminates solid surface
restrial planet derives from the apparently anomalous valuesabimosphere interactions and limits the diversity of possible lif
several of the Sun’s parameters, which Gonzalez (1999a,b) Kie on such a “waterworld” would likely be limited to that typi
interpreted within the framework of the Weak Anthropic Prineal of deep-sea thermal vents on the present Earth, if even tt
ciple. For example, it seems an odd coincidence that we shoaoidch). Long-term climate stability brings in many astrophysi
happen to be living around a star with a space velocity relative¢al and geophysical constraints, including stellar evolutior
the Local Standard of Rest; sg) smaller than most other nearbycomet and asteroid impact rate, the presence of a large na
stars. The oddity of this situation can be removed if it can lral satellite, and a long-term planetary heat source to drive pla
shown that habitability favors a small valuewggg. While this  tectonics. In the present study we address those steps in the f
point was already addressed by Gonzalez (1999a,b), our preseation of such a habitable planet that are linked to the broad
task is to bring the discussion within the framework of the GHZopic of Galactic chemical evolution. Implicit in our study is
Our motivation also derives from much recent research showitige assumption that deviations from Earth-like parameters le:
that mass extinctions on Earth have severely affected the courskess habitable conditions. Full verification of this assumptiol
of biotic evolution, and seemingly pose a threat to the survivalay be possible in the future as models integrating planeta
of complex life on the surface of any planet (Ward and Brownlaynamics, geophysics, climate, and biology are further refine
2000). As an aside, we note that a large natural satellite orbiting

Our purpose herein is to present a unified, though not necgas giant planet has been suggested as a possible alterna
sarily complete, treatment of the GHZ, including astrophysichhbitat to an Earth-like planet (e.g., Williaresal. 1997). How-
processes over awide range of space and time scales. In this &vetr, such an environment is very likely to be less habitable f
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the following reasons: (1) comet collisions will be more freelementabundances of their parent stars. Until the results of si
quent due to the strong gravity of the gas giant host, especiallations which implicitly include the composition of the birth
via captures into temporary orbits (also, more frequent coneoud are made available, we will have to make do with thes
breakups will contribute to an increased collision probabilitygssumptions.
(2) the particle radiation levels are higher in the vicinity of a Present observations of extra-solar-systptanets can be of
gas giant with a strong magnetic field like Jupiter (but some gasme help to us in determining some astrophysical constraints
giants, such as Saturn, have weaker fields), and (3) spin—oHabitability. The mostimportant findings to date are: (1) the hig
tidal locking will occur on a relatively short time scale. The firsmean metallicity of stars with planets compared to the generz
point was illustrated by the capture and subsequent breakugield stars, (2) the very short orbital periods of some planets, au
Comet Shoemaker-Levy 9in 1994; itis alsoillustrated by the di€3) the high eccentricities of planets with orbital periods greate
covery of crater chains on Callisto and Ganymede (Sckeeak than about two weeks (Butl@t al. 2000). Combining the first
(1996) examined 116 craters in 11 crater chains). Of course, point above with the lack of detection of giant planets in the
every planetary system will have the same comet flux as ougdpbular cluster 47 Tucanae (Gillilaret al. 2000) implies that
because of different formative histories and giant planet coa-minimum metallicity near 40% solar is required to build gian
figurations. The second point leads to a more rapid loss of planets. Among the stars with close-in planets, the metallicitie
atmosphere for a satellite without a strong magnetic field aade particularly high. This could be due to disk material falling
thus poses a threat to surface life. The third point leads to greatato the star and polluting its atmosphere, and/or a metallici
day/night temperature swings. For environments similar to tdependence on giant planet formation, and/or a metallicity d
Galilean satellite system, tidally locked orbits can be beneficigéndence of planet migration (see Gonzadeal. (2001) for
in that they generate internal heat through tidal stressing, ladditional discussion on these points). If the latter is the cas
orbital changes on time scales off16 1¢ years prevent tides then planet migration may occur more frequently in metal-ric!
from being a continuously available source of heat (Greenbesgstems, leading to the disruption of the orbits of any terrestri
et al. 2000). The problems noted above are somewhat mitigajgldnets in the habitable zone. Similarly, if the high eccentricitie
if the satellite orbits far from its host planet, butin such a configwf the orbits of the giant planets observed around other ste
ration the insolation from the parent star becomes more variatdee due to planet—planet interactions (see Weidenschilling a
Finally, it is not clear if a giant planet can end up&.5-5 AU Marzari 1996), this phenomenon, too, is more likely to occu
from its host (G—K spectral type) star in an orbit as nearly ciita metal-rich systems. As the metallicity dependencies of the:
cular as the Earth’s (the present eccentricity of the Earth’s orpltenomena are not yet well-constrained, we will not includ
is 0.017). To date, all the giant planets found around other soltlvem in the present study (for an attempt to treat these pheno
type stars beyonet0.15 A.U. have much more eccentric orbit®na quantitatively, see Lineweaver (2001)).
than does the Earth, except HD 27442, which has an eccentricityt is useful to consider the sensitivity of habitability to change
of 0.025 (Butleret al. 2001); even Jupiter has an eccentricity ofh planet mass. Lewis (1998) notes three important differenc
0.048. Therefore, because natural satellites are inferior habitaggween the Earth and a smaller or larger sibling: (1) heat flo
for complex life, we will not consider them further. and associated geophysical processes, (2) volatile inventory, e
(3) atmosphere loss rate. He estimates that an Earth-like pla
2.1. Planet Mass identical in composition to the Earth with the same orbit bu
Itis likely that planet mass is the single most important factevith one-tenth the mass (about half the radius) would have
in building a habitable terrestrial planet. We make the simplithosphere over twice as thick, suffer much more rapid los
fying assumption that a terrestrial planet’s mass is determineflatmosphere from impact explosive blowoff and dissociativ
primarily by the local surface density, of the protoplanetary recombination in the exosphere, and have an ocean only 20%
disk from which it forms. Following the equations describingleep. At the opposite extreme, a planet with 12 times the ma
planet formation in Lissauer (1995), we assume that terrestrfabout twice the radius) would have a much thinner lithospher
planet mass scales with'°. This dependence is determineduffer no significant loss of its atmosphere, and have an avers
both by the surface density of solids in a feeding zone and tbeean depth over three times as great as the Earth’s (with
narrower width of a feeding zone of a smaller planet. The cordry land). These estimates assume that the volatile reserv
plexities of planet formation may cause significant deviations primarily the result of outgassing and that its efficiency i
from this simple functional dependence, but we believe that ttpsoportional to the size of the planet.
relationship will provide a resonably close estimate of typical There are a couple of other size-dependent factors, whi
planetary mass. We also assume that (1) the surface densitylatwis does not discuss. One concerns impact probability. It
radial location in a protoplanetary disk is directly proportional
to the heavy element abundance of the interstellar cloud out of _ . - . .
though the preferred term in the literature is “extrasolar,” we will employ

. I
which a planetary system C_Onder_]ses and (2) the total mas%gﬁmre grammatically correct “extra-solar-system” in the present paper.
terrestrial planets that form iInagiven Planetary SySte.m is scal2 Note, throughout this paper, we employ the astronomical definition of me
able from the Solar System in proportion to the relative heaw, i.e., elements heavier than He.
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proportional to the square of a planet’s radius (plus a little mon®t have plate tectonics probably because of its lack of wate
owing to gravitational focusing). Furthermore, the increased imich lowers the melting points of magmas and promotes th
pact rate would apply to all size scales of impactors; very ramgeneral ductility required for subduction (Karato and Jung 1998
very large impacts would occur more often on a larger plané&. necessary, though certainly not sufficient, requirement fc
However, the impact energy on a larger planet is diluted ovplate tectonics is a long-term supply of heat. Radioactive de
an area proportional to the square of its radius. A proper evahys 035238, 232Th, and**K are considered to be the primary
uation of the net dependence of impacts of planetary size wsbburces of heat in the Earth’s interior. Very early in the Earth’
require careful consideration of the details of the relevant prbistory there were other sources of interior heat: short-lived r
cesses (such as the mass function of the impactor populatiatipisotopes, heat of formation (from accretion, including the
Another size-dependent factor is the time to build ypi©the lunar-forming impact), and formation of the core. However, af
atmosphere (McKay 1996). It should take more time to oxyer the first 1.5 Gyr, the initial thermal state of the Earth wa:
genate the atmosphere of a larger terrestrial planet, due toeitased due to a readjustment effect in mantle convection (s
larger inventory of reductants. However, a complete analysisfanck 1998). Therefore, following an early settling-down pe
this factor has yet to be published. For the purposes of the presgod, the heat flow through a terrestrial planet’s mantle is largel
discussion, we follow Lewis (1998) and require that a terrestridetermined by the abundances of long-lived radioactive isotop
planet with the same orbit and formation history of the Earth its interior. However, the amount of volatile outgassing doe
have a mass between one-third and three Earth masses taldmend rather sensitively on the initial thermal state (Franc
habitable, though it is our opinion that this range is probably td®98); hence, the amount of outgassing will be dependent «
broad. the details of the formation process.
We note that the above discussion must be placed in the
broader context of the terrestrial planet environment. In pad-3. CHZ Limits

ticular, a cloud that is sufficiently metal-rich to form giant Earth The dimensions of the Circumstellar Habitable Zone in th

siblings will also likely form smaller terrestrial planets (cf.S : :
: olar System are defined by more than just the flux of stellar rac
Wetherill 1996). Therefore, the problems noted above for a veLy y y :

| i trial planet | . ¢ 1d still not ion. There are several other parameters that should be incluc
arge terrestrial planet in a given system woulld Stii N’ preVemthe definition if it is to be generalized to any location and time
that system from having aterre;trlal planet in the required MasShe Milky Way. The relevant parameters are: mass, compos
range. The same cannqt be said of a metgl—poor cIouq, Whﬂ: , orbit, and type of parent star. Taken together, the possib
forms only small terrestrial planets. Given this, then, habitabili arameter space covered by these quantities is very large, an
for a given system cannot be excluded solely on the basis th g'ﬁot possible to set separate constraints on them. For exz,imp

fOLmS one odr molre n;asshl\_/ehl_za_r_thls, bUtl'lJF r_nlght be ex(;:ludelz_d Srjé inner edge of the CHZ for a terrestrial planet smaller tha
other grounds related to high initial metallicity (as noted earlier e Earth would be farther from the Sun than the CHZ of th

Earth due to the more rapid loss of its atmosphere. Howeve
there are a few simplifying assumptions we can make to narro
Of the geophysical processes that affect habitability, platieis parameter space significantly. One is the restriction of tt
tectonics is probably the most critical, because it plays a centoabit to small eccentricity in order to prevent large temperatur
role in maintaining long-term climate stability (Kastimg al. swings. Another one is the restriction to main sequence sta
1993, Franclet al. 1999, 2000a). Subduction of carbonates, argimilar in spectral type to the Sun (early G), which finds suppol
their ultimate thermal decomposition, provides the volcanig C@rom the Weak Anthropic Principle (Gonzalez 1999b) and thec
source that drives the GOrock cycle. The continuing C3up-  retical arguments concerning stellar lifetimes and tidal lockin
ply from subducted sediments combined with the temperatused observations of flare activity in low mass dwarfs.
Odependent removal of Gby chemical weathering provides There are atleast three other phenomena and/or processes
negative feedback that opposes major global temperature varie presently not included in studies of the CHZ, such as tho
ations. Without plate tectonics it is unlikely that the Earth azited inthe Introduction. One is the variation of the impact three
similar planets could maintain habitable surface environmemntéth position, caused by the increase in encounter velocities wif
for animal life for long periods of time (Francét al. 1999, decreasing distance from the parent star. The impact energy of
2000a). asteroid or comet is proportional to the square of the relative v
Unfortunately, the requirements for the origin and maintdecity between the impactor and the planet. Another factor is th
nance of plate tectonics are not well known. On Earth the processnposition gradient of the early solar nebula. Lewis (1997) de
produces spreading center ridges, trenches, subduction zoesesbes quantitatively the condensation sequence of elements
and linear mountain ranges. From the lack of similar features arfunction of distance from the central star (described in great
other bodies it is clear that this process is not currently operdetail below). A third factor concerns the details of planet for:
ing on any other Solar System body. Mars and Venus displayration. For example, the radial distribution of terrestrial planet
rigid lid, and both lack plate tectonics at present (Tackley 20003.stochastic and is relatively insensitive to stellar mass accor
Mars is apparently too small. Venus, a near twin of Earth, doggy to simulations of the late stages of planet formation carrie

2.2. Plate Tectonics
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out by Wetherill (1996). Taken together, these additional factattse solar values and may have major influence on the interi
more severely constrain the dimensions of the CHZ. Howeverorkings of a terrestrial planet, such as the efficiency of core fo
a consideration of the complex relationships among the variomsition, the nature of solid-state convention, and its mineralog
factors defining the CHZ are beyond the scope of the presenGaidos (2000) has noted the likely significance of the C/(
work. We, instead, focus on a subset of these, which we wilitio in the formation of planets. The C/O ratio determines ho

explore within the larger context of the Milky Way. much oxygen in an accretion disk is in CO and how much i
N in water. Water ice was an abundant condensable substance
2.4. Composition the outer regions of our Solar System’s early history and we

In addition to the overall metallicity (and hence mass) thef! Important ingredient in the formation of the embryos of th
are compositional factors that influence habitability. A compag-'an,t plangts. As dlspussed abovg, itls also an essential INgre
ison between Earth and Venus illustrates that planet mass_e'ig in formmg_ a habitable terrestrial p_Ianet. The t_)ulk C_:/O rati
not the only factor that determines a planet's geophysics. Afl planet will be the result of a variety of fractionation anc

though they are nearly the same mass, Earth and Venus h\éQ/IgtiIe delivery processes, and so one cannot just equate it

very different geology. Most of these differences probably daTth initial C/O ratio in a protoplanetary nebula. The relevanc

back to the different origins of Earth and Venus. Lewis (199ﬂf the C/O ratio for the_ formation pf habitable terre_str_ial plan:
notes that the composition gradient of the early solar nebula ﬁ'f-s is probably less direct, affectmg the charactgrlstlcs of
ferred from the expected radial condensation sequence of &Nt Planets and the population of cometary bodies. Howeve
elements will result in planetary embryos of varying Comm@onzalget al. (2001) do not detect a significant difference in the
sition. The early stages of planet formation are likely to drafy/C ratio between the parent stars of extra-solar-system plan
from a relatively narrow range in distance from the central stg"d the general field star population (the previously reported o
but latter accretion is likely to be from a relatively larger rangglo _ratlo for the Sun compared to f|e[d stars has proven tq :
(Wetherill 1996). This implies that the properties of a terrestrigPU"0US, as the result of an unrecognized systematic error in
planet's core and mantle depend rather sensitively on its pl ndance estl'mates from one of the C|t¢d studies). There'fo
of formation. For example, more FeS should have conden4prort for the importance of the _C/O ratio to planet formatiol
in the proto-Earth relative to the proto-Venus, and this woufg"rently comes only from theoretical arguments.
have lead to a significant reduction in the melting point of t
Earth’s core. The relative abundancé®¢, an important source
of long-term heat, would also have been variable; given its rela-In summary, sufficient metals must be available in the intel
tively high volatility, less of it would have been incorporated bytellar medium to build a habitable terrestrial planet. Followin:
protoplanets inside the Earth’s orbit. The CHZ definition, thehgwis (1998), we assume its mass should be between appra
must include not only the dependence of solar insolation buately one-third and three Earth masses. In addition, the relati
also that of bulk composition on radial distance. The detailggoportions of Si, Mg, and Fe should be similar to those in th
dependencies of planetary composition on place of formati&arth, and there are minimum required abundances of the lor
are beyond the scope of this paper, but it is a factor that mustlived radioactive isotopes3°U, 238U, 232Th, and*’K.
kept in mind when we discuss Galactic chemical evolution. ~ The abundance dfK in a terrestrial planet's crust may be
The most abundant element in the Earth by number is @levant also to the origin of life. Draganét al. (1991) noted
while the most abundant element by mass is Fe (Kargel afft the ionizing radiation produced from the deca$fefin the
Lewis 1993). The next most abundant terrestrial elements @eeans of the early Earth would have generatec@ HO,
Mg and Si; the cosmically abundant elements, H, He, C, andvia radiolysis of water. The early stages of the extant chemic
are present only in trace amounts (Kargel and Lewis 1993). T&¢olution of life scenarios require reducing conditions, and s
O abundance can be considered as a free parameter, since it f@rakanet with too much®K mixed in its oceans may delay or
oxides with Mg, Si, and Fe. Another factor likely to be relevant terevent the appearance of life.
the habitability of a terrestrial planet is the abundance of Mg and
Si relative to Fe, which will determine the mass of the core rela: GALACTIC EVOLUTION AND SPATIAL DISTRIBUTION
tive to the mantle. Because the condensation temperatures of Mg, OF THE ELEMENTS
Si, and Fe are simila¥they should condense in ratios similar tq
that of their host star and terrestrial planets should experience e‘ﬂf The Stable Elements
atively little differential fractionation. In the Milky Way’s disk,  Since the formation of the Milky Way about 12 to 15 Gyr
star with low Fe/H have relatively larger Mg/Fe and Si/Fe ratiasgo, the metals have increased in abundance in the inters
(see Section 3.1.1). These ratios can differ by up to 250% frdar medium (ISM) near the Sun from near zero to about 2% k
mass. To first order, the cosmic abundances of the elements he
ier than Boron scale with Fe, which has many easily measur:
3odders and Fegley (1998) list the condensation temperatures of Mg, 8@sorption lines in the spectra of Sun-like stars. Therefore, wh
and Fe as 1340, 1340, and 1337 K, respectively. is sometimes termed the “metallicity” of a star is often its Fe

h§.5. Basic Requirements
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abundance—in the following we will employ the terms [Fe/H]Its constituent stars display a large range in metallicity. In th
and metallicity interchangeably. Observational and theoretiddilky Way the bulge experienced an early rapid rate of sta
knowledge of the evolution of the chemical element abundandesmation, which has since slowed but continues to the prese
in the Milky Way has improved greatly over the past 30 yeargay. The halo is a spherical distribution of individual stars an
The overall abundance trends of most elements are now wglpbular clusters extending to about 100 kpc. Itis the oldest, mo
established from spectroscopic observations of stars in the séital-poor component. We discuss each of these compone
neighborhood (e.g., Grattagt al. 2000, Cheret al. 2000, re- separately below.

viewed by McWilliam 1997). In the following we will consider L . .
the evolution of both the mean Fe abundance and abundance r&:+-1- The thin disk. The overall metallicity of the ISM in

tios, as X/Fe, and discuss their relation to habitability as defin thif‘ disk has been incrgasing steadily (but episodically c
in Section 2. short time scales; Rocha-Pingd al. 2000). From a sample of

The chemical evolution of the ISM is governed primarily b)pearby F and G dwarfs with well-determined physical pararr

the rate of infall of unprocessed gas and processing of ISM mate’s: Gonzalez (1999a) denve;d an equation relating [Fe/H]
ter by massive and intermediate mass stars (Tinehak 1995, age and to mean Galactocentric distarie,

Pagel 1997, Portinagt al. 1998, Samland 1998). The primary

specific sources of the metals are superné\azh those deriv- [Fe/H] = —(0.014 0.02) — (0.07 + 0.01)(Rm — Ro)

ing their energy from nuclear explosions of white dwarfs (type — (0.0354+ 0.005)r, (2)

la) and those deriving their energy from core collapse (type Ib,c;

type 11). SNe Il are the primary source of O, tbee!ement7, wherer is the age in Gyr anB, is the present Galactocentric dis-
and ther—proces§ elements, and SNe la are .the primary Souiggice of the Sun (we adofb = 8.5 kpc in the present study).
of the Fe-peak (i.e., Fe, Co, Ni) elements (Timmeeal 1995,  gjnce this equation is determined from a sample of nearby sta
Portlnf’;\rlet al. 1998, Samla_nd 1998). In the S|mple_st terms, theis not applicable to the halo or to the bulge of the Milky Way,
evolution of abundance ratios can be understood in terms of fifich have had significantly different histories from that of the
changing relative contributions from these two basic SN typg§c| disk. The assumption of a linear dependence of [Fe/H] o
which can be due to changes in the initial mass function anddge s justifiable for stars no older than about 80% of the ac
the star formation rate. A particularly important constraint ogs e Milky Way:; beyond that, [Fe/H] drops off very rapidly
Galactic chemical evolution models is the observed decline,jjp, age (see Fig. 13 of Portinaat al. 1998). The zero point of

the O/Fe ratio with increasing Fe/H among nearby stars (€.8q._ (1) is consistent with observations of nearby young sol:
Edvardssoret al. 1993). This is thought to result from the ris&ype stars, B stars, and H Il regions. The present radial abu

in the frequency of SNe la with time relative to that of SNe 1fj5nce gradient in the thin disk,0.07 dex kpc?, is well deter-

(Mathewset al. 1992; see Fig. 39 of Timmest al. 1995, Fig. 12 iyined from observations of several different kinds of objects i
of Portinariet al. 1998, and Fig. 1 of Samland 1998). _ . the Milky Way (e.g., B stars, H Il regions, open clusters, ant
When discussing chemical evolution, itis convenientto d'V'%ung solar-type stars—see Rollestnal. (2000) and refer-
up the Milky Way into four components: thin disk, thick diskences cited therein); the uncertainty in the slope given in Eq. (
bulge, and halo. While they partially overlap in space, thegepased on B star data. Its magnitude does vary among diffe

components can be relatively well separated with the additigp; galaxy types (see Henry and Worthey 1999). Rollestan

of data on stellar kinematics. The thin disk, of which the Sun {5000) also note that their data are consistent with a single slog
a member, includes significant ongoing star formation activityg opposed to a sharp break near 10 kpc from the Galactic cer
and its kinematics is more nearly purely rotational than the othes ¢y me have argued previously. Hdal (2000) present theo-
components; stars extend about 180 pc on either side of 4| estimates of the evolution of radial abundance gradier
midplane. The thick disk is basically a fatter version of the thig, ihe Milky Way. Unfortunately, since observations can only
disk and contains stars that are more metal-poor than the thjfle ys the present values of the Galactic abundance gradier

disk and extends about 600 pc on either side of the midplagtimates of their evolution are rather model dependent. Giv
The bulge is centered at the center-of-mass of the Milky Way;g uncertainty and the fact that it is a second-order effect, w

will ignore possible evolution of the gradients in the presen
study.

4 = —_ i - g . - .
[X/Y] = 10g(Nx /Ny )star—109(Nx /Ny)sur, Where the variableN corre {n addition to the abundance gradient in the disk, we mu:

sponds to the number density abundance of element X or Y. Hence, a star wit

[Fe/H] = +0.5 has 3 times the Fe/H abundance ratio of the Sun. also consider the spread in [Fe/H] at a given age BRdThe
5 Except C and N, for which a substantial contribution is from intermediat®agnitude of the spread affects the degree to which the metall
mass stars. _ ity gradient is an important factor for habitability. If the spread
Hereatter, SNe Ib,c, Il will be grouped together as SNe II. is large in relation to the magnitude of the gradient, then th

" Thea elements typically measured in stellar spectra are Mg, Si, Ca, and Ti. dient is | | hed t dl it | for 1l
8 Here we are assuming that the thin and thick disks each has a central hgfadient 1S largely washed out and loses Its relevance for

Therefore, given this assumption, only bulge stars occupy the central regiof @il dependence of habitability in the Milky Way’s disk. A
the Milky Way. large intrinsic spread in the [Fe/H] value of newborn stars at
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given Ry, will result in the formation of some stars withagiver 20fp—+ * - + v * + + ~ 1 1+ + * T T 4
value of [Fe/H] earlier than indicated by Eq. (1). If, howevel |
the spread is small, then the radial metallicity gradient has -
more important role in habitability. The value of the spread i [
[Fe/H]is stilla matter of some controversy. One of the most ofte
cited studies is that of Edvardssetral. (1993), who performed a 25
spectroscopic survey of nearly 200 nearby solar-type stars. T[S,
found a dispersion in [Fe/H] at a given age of about 0.25 deé vr
which is much larger than observational error alone can explag
Wielenet al. (1996) modeled the observed scatter in [Fe/H] (ug
ing the dataset of Edvardssetal. (1993)) within the framework  os |-
of a stellar orbital diffusion model. Using an improved datas
based largely on the Edvardssatral. (1993) sample, Gonzalez
(1999a) confirmed the large metallicity spread.

0.0 H 1 N " L | . N L 1 i N 1 L L 1 L 1
Rocha-Pinteet al. (2000) give an independent estimate of th 0 5 10 15
metallicity dispersion in the solar neighborhood with a differet Time (Gyr)
sample, finding a value about half of the above-cited value. It

significant that Rocha-Pintt al’s (2000) estimate of the spreac ° I I I E
is less than that derived by others. This implies that their sa
ple is more reliable, since the total measured spread isthes 4
of measurement errors, unmodeled biases, and intrinsic cos
scatter; however, itis still possible that an unrecognized syste
atic bias in their analysis may have yielded an artificially sme &, 2
scatter. Rocha-Pintet al. (2000) attribute the difference largely § E
to selection biases that went into the preparation of the origir E
Edvardssoret al. (1993) sample. Based on spectroscopic an: g
yses of young F and G dwarfs, Gonzalez (1999a) and Gaic ™
and Gonzalez (in preparation) find that the initial dispersion 1k
[Fe/H] is about 0.08 dex; the cosmic dispersion must be le
than this value, as the measurement error is similar in mag :
tude. Certainly the last word has not been said on this top  °k
additional observations are required to firmly establish the cc Galactocentric Distance (kpc)
mic dispersion.

Since our interest in this section is to estimate the probabil-FIG. 1. (Top) Terrestrial planet mass plotted against time since the forms
ity of forming Earth-mass terrestrial planets in the disk of th@n of the Milky Wayfothe ISMinthe solgr neighborhood. The nominal trgnd

. . . . calculated from Eg. (1) is shown as a solid curve; the mass of the planet is
Milky Way at any time and place, the relevant dispersion value . Bl ) )
. : . . . stimed to be proportional to $BF¥H (see Section 2.1). The one-sigma upper
in [Fe/H] is that at the time of formation of a given star. For thgnd lower bounds are shown as dotted curves. The Sun is shown as an o
purpose of the present discussion, then, we will adopt a tim&cle. (Bottom) Terrestrial planet mass plotted against Galactocentric distan
constant dispersion in [Fe/H] of 0.08 dex. We show in Figs. 1 atfa the present ISM (diagram b).
2 graphical representations of Eq. (1) assuming that terrestrial

planet mass scales as'#6e"! (see SGT\Ct?O” 2.1). The equatio_nsequence of the effect on ISM abundances of individual SN
has not been extra_po!ated totimes W|th|n3.Gyr ofthe formatlcﬁbring the early rapid buildup of metals, the metal-poor ISM
of Milky Way® or within 2 kpc of the Galactic center due to th s more sensitive to the stochastic nature of inhomogeneou

br?akdO\;vr:llof.tEq. (1) in t?}ezet r?ﬁ'”:gi'l AS caln ?e seer: in Fll?di tributed SNe. As the metallicity of the ISM increased, indi:
solarmetailicity was reached inthe In early imes at Smaligly,al SNe lead to smaller fractional increases of the metalli

Rm. ity (and smaller changes to the abundance ratios). This effe

Figures 1 and 2 should only be considered as rough aPPr¥seen in the abundance patterns of the most metal-poor st

imations for reasons already given. Another one is the assUfiPine halo. However, the large observed scatter in abundanc
tion of constant dispersion in metallicity with time. The cosmiaq '

Earth)

N
1

) SR L . : mong the oldest stars in the Milky Way halo is not relevant t
dispersion in metallicity (and in abundance ratios) was mu g ky Way

ter in th v hist £ the Milky Way. This i e present discussion, as their metallicities are too low to for
greater in the early history of the Milky Way. This is a CONterrestrial planets. At later times the abundance variations can

large for another reason. As the Milky Way ages, the gas ma
9 Note that in the present work we assume that the first metals incorporaf#@creases and, hence, becomes more sensitive to individual S
into the Milky Way were formed 15 Gyr ago. again.
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IARERRRES The Mg/Fe and Si/Fe ratios are observed to be declining wif
1 increasing Fe/H among disk stars with slopes ne@r3 and

-1 —0.1 dex/dex, respectively. Therefore, in the future terrestrie
1 planets will form with relatively larger iron cores.

. 3.1.2. The thick disk, bulge, and haloThe thick disk has

{1 properties intermediate between the halo and the thin disk. |
- constituent stars are only slightly younger than those in the ha
{1 but substantially older than those in the thin disk. The thicl
1 disk population has a distinct chemical history compared to tf
1 thin disk. The stars have a mean [Fe/H] value nefr6 dex,

1 and mosikx elements (specifically O, Mg, Si, Ca, and Ti) have
4 [X/Fe] values 0.2 to 0.3 dex above solar (Gratttral. 2000,

1 Prochaskatal 2000). The most extreme members reach near

-y
=3

Time (Gyr)

& Metal-poor 1 solar [Fe/H], but most-element abundances are relatively con:

e 1 stant throughout the observed range in [Fe/H]. Hence, if ot

i f.f" 1 assumptions from Section 2 are correct, then a terrestrial plar
°:';';';'1'0'1; that forms around a thick disk star is smaller and has a small
Galactocentric Distance (kpe) iron core relative to its mantle compared to the Earth; the typic:

terrestrial planet around a thick disk star should have about 13

FIG. 2. Locus of points on the time—Galactocentric distance plane corrghe mass of the Earth. However, a small fraction of thick disl

sponding to solar metallicity of the ISM. The diagram is divided into metal—pocgtal,S might be accompanied by an Earth-mass terrestrial plan
and metal-rich regions (with respect to solar metallicity). Symbol meanings are ) .

the same as in Fig. 1. 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 dis:

_ ) ) tinct component. Star formation activity in the bulge peake
We argued in Section 2 that certain elements must be presggfiier than in the disk, but it has continued up through th

in the right proportions to build an Earth-substitute with similg5esent (Mol et al. 2000). Owing to the different chemical
geophysics. Specifically, the C/O, Mg/Fe, Si/Fe, and S/Fe rati@g|ution history of the bulge compared to the disk, the abur
are likely to be relevant to the habitability of a terrestrial planefiznce ratios among its stars are different from those amol
Of these, high-quality observational data exist for all but S/Feyars in the solar neighborhood. Spectroscopic observations
Below we discuss the observed trends in these ratios among {jBh and McWwilliam (2000) show that [Fe/H] ranges frori.6
disk stars. . . _ _ _ 10+0.55 dex, with the peak near0.2 dex. In addition, they
There is relatively little published observational material ofng [x/Fe] values neat-0.2 to 0.3 dex near solar [Fe/H] for
the C/O ratio. Gamnetét al. (1999) presented C and O abunthe o elements O, Mg, Si, and Ti. Globular clusters found ir
dances for the nearby spiral galaxies M101 and NGC 2403. Thgy pyige appear to share the composition characteristics of t
find radial gradients near0.05 dex/kpc, though their results aréyge stars. Therefore, Earth-mass terrestrial planets should

of a preliminary nature, given the small number of data pointgmmon in the bulge, but, as with thick disk stars, they likel
in their sample. Observations of nearby solar-type stars shoy&,e relatively small iron cores.

significant increase in the C/O ratio with Fe/H@.23 dex/dex)  Halo stars span a wide range in metallicity, from [Fe]
and, hence, with time. The chemical evolution models of Caridig qex to just below solar, with the peak neat.5 dex; there
(1996) imply that the slope of the C/O ratio with metallicity hag 5150 a trend of decreasing scatter in the abundances rat
steepened greatly in the past few billion years, yielding a valggynressed as X/Fe) with increasing metallicity (see review b
consistent with the observations. Carigi (1996) also finds thabyris 1999). Star formation was active only during the first cou
the C/O gradient in disk galaxies is negative, consistent with (s of pillion years in the halo. The kinematics results in mostl
observations of Garnegt al. (1999). eccentric, plunging orbits, which bring stars close to the Gala
Given these trends, the formation of a planetary system with center where they pass through the disk at high velocity (ove
a C/Q ratio equivalent to that of the Sun will occur at a specifisng kmy/s). The halo also contains about 150 globular cluster
time for a givenRy. If a low C/O ratio is required to build \yhich share the same metallicity distribution as the halo fiel
habitable planetary systems, as was argued in Section 2, tgf}s except for the absence of globular clusters with [Fe/H]
stars born in the solar neighborhood in the future might not b& 5 gex. Therefore, on its chemical characteristics alone, tr

accompanied by them. Without knowing what range of C/O |5 is very unlikely to contain habitable terrestrial planets.
required for habitability, we cannot quantify its effect on the

habitable zone in the Milky Way, but observations of the parent 3.1.3. Summary of C, O, Mg, Si, and Fdn summary, each
stars of extra-solar-system planets might eventually allow usdbthe four components of the Milky Way is characterized by
better constrain it. a distinct composition, resulting from a distinct star formatior
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history. The precise composition of the Sun is the result of 04 T T T T
history of chemical enrichment of the thin disk of the ISM na
likely to be found in the other components, though cosmic sci g . ]
ter at a given metallicity will lead to some overlap. Even withii L o ]
the thin disk, radial abundance gradients (somewhat analog: %2 [ .o
to the condensation sequence gradient in the early solar neb : .. . ]
ensure that stars with the solar composition are unlikely to forg [ * ¢ ]
far from the solar circle. Just how large a difference in compé
sition can be tolerated in forming an Earth-substitute we canr *° i o . o o o

yet answer, though. [ S Cee e

3.2. The Long-Lived Radionuclides

3.2.1. Evolution of ISM abundancesSecond in importance b e b L e
for building terrestrial planets, after the mean metallicity of th )
ISM, is likely to be the relative abundances of the long-live
radioisotopes. The heat released from the decay of long-liv
radioactive isotopes is believed to be the primary source
internal heat in the present Earth. The most important he
producing isotopes afé€K, 232Th, 238U, and?*°U (Fowler 1990,
Kargel and Lewis 1993). The present abundances of these i _
topes have been well determined in primitive meteorites (Ande&
and Grevesse 1989). Outside the Solar System, only the atog, a
abundances of K and Th can be determined from photosphe - ]
stellar spectra. Sincé&?Th is the only long-lived isotope of this [ -1
element, its abundance can be equated with the spectrosc : ]

= SETETAT S ATEC AT AN A ATUT T ATAPA A

T
EETEEE NN NEREE .

cally derived atomic value; this cannot be done with K. We wi o2  b) ]

address the more difficult case‘3K later in this section. : ]
The isotopes of Th and U are produced only byrtheocess, T PO TR FOUIT P R TTT SO S PRI T

and SNe Il are believed to be their main production site  ©®8 08 04 [Fe/l:]z 00 0.2

(Mathewset al. 1992, Timmest al. 1995, Cowaret al. 1999).
The half-lives 0f232Th, 235U, and238U are 14.05, 0.7038, and FIG.3. Trend of [Eu/Fe] with [Fe/H] using data from Wodt al. (1995),
4.468 Gyr, respectively. We begin by calculating the evolutigigrrected forRy = 8.8 kpc (dots; panel a); the bracket notation employed her

of the Th and U abundances relative to Fe in the local ISM. ad in the following ca_p?l(_)ns is a logarithmic abundance scalg relative to tt
un (see text for a definition). The data have been separated into three gro

employ Fe as the reference element for two reasons: (1) Fe ISiﬂ}%nel b; the standard error of the mean is shown for each point. Equation |

most abundant element in the Earth by weight, and (2) Fe, Tshown as a line in panel b.
and U have similar condensation temperatures (Lewis 1997).

Therefore, Fe, Th, and U are likely to experience fractionation . . . .
to similar degrees during the early stages of planet formationallrﬁ1d U/Fe ratios by applying theoretical Th/Eu and U/Eu ratio:

. respectively®
a protoplanetary disk. . I .
For the purpose of employing theoretical Galactic chemical We display in Fig. 3a the [Eu/Fe] estimates for a sample of 7

evolution models, itis useful first to compare the evolution of t carby single F and G dwarfs from the spectroscopic study

Th and U abundances to that of a stablerocess element. This h C:/C:ffif;i['irglglg?r;églrselsuc;tirginttcl)yt:]hee dgf;t such sample. W
procedure is advantageous since these species are produced by P q '

the same source, and there is some empirical evidence that tlf‘Su/Fe]; — —(0.005+ 0.013)— (0.282+ 0.039)[Fe/H] (2)
r-process abundance pattern is universal (Coataal. 1999). ' ' ' '

ASSUming it iS, the ratio of the abundance of a radioaative where [EU/FQJ is the value of [Eu/Fe] corrected to the Som
process element to that of a stabiprocess element will have py adding the term 0.1, — 8.8), which was determined from
only a weak dependence on the details of Galactic chemigghultiple linear regression fit to the data wieh, and [Fe/H] as

evolution. The best such reference element is Eu, because jhifependent parameters. A second-order fit would describe t
easy to measure in stellar spectra, and nearly all of it comes

from ther-process (all but 3% in the Solar System according
'[O. J. J. Cowan, prlyate commumca_ltlon, 1999). We can deterio there are measurements of the Th/Fe ratio in a few nearby solar-type stz
mine the Eu/Fe ratio from observations and convert it to Th/fet they are not considered very reliable, and so we will not make use of the!
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data slightly better, but for the present application, a first-ord . - - 1 - - T - - T 3
fit is sufficient (see Fig. 3b). When combined with Eq. (1) witt ]
R = R, EQ. (2) gives us a [Eu/Fglage relation (note that the
time scale for this relation is based on stellar evolution theor
not nucleocosmochronology). C

Next, we calculate?f?Th, 2%%U, 238U/Eu]-age relations. In C
this case, observations are very sparse, but theory can help
We make use of Clayton’s (1988) Egs. (13) and (14), whichgiv o[
the abundances of stable and radioactive species in the ISMZ |
a function of time. The equations are based on a Galactic infE
model with three adjustable parametdeswo, andA. Clayton’s
equations are

—k
. ywA[t+A_<t+A) ] -

2

Ck+1[ A A C
and 4k ] ] | o
0 10 15
t (Gyr)
At LA -
Z, — Zpe™" = yowe —_— I(t, 1), 4) FIG.4. The present relative abundances oftthgrocess radioisotopes, as
A [232Th, 235y, 238y/EU], as a function of a star’s formation time The abun-

dances shown are relative to the present meteoritic abundances from Anders

where Eq. (3) applies to stable isotopes and Eq. (4) to radioactﬁ;@vesse (1989). The Solar System value is indicated with an open circle.

ones. Thd(t, A) term is given by Clayton as a functionigfA,

and. (the radioactive decay rate) for a givienThe production and the presenit There are a couple of points to notice aboul

yield ofagiven isotope is denoted pyand the gas consumptlonFig_ 4: (1) the calculations yield very nearly the Solar Syster

i .Th k ine infall .
rate is denoted by ne parametera and determme ntat abundances at= 10.5 Gyr, and (2) the relative abundances are
rate as well as the disk mass growth rate. We will be workin . L
eater in the recently formed stars. The second point is simp

with Egs. (3) and (4) in ratio form only, and so knowledgewof . S

is not required for our application. :juses f;) IES facl)%tnth:: ;?aer;nean age of the radioactive isotopes
Pagel and Tautvaisiene (1995) have applied, in slightly mod‘le—_l_h | y rg m ntt; tween theorv and observation for &

fied form, Clayton’s model to the observed abundance trends € close agreement between heory and observation 1o

. . : very metal-poor halo stars and for the Sun gives us confiden
among local disk stars. They derived the following values f% _ .
. 1 atthe analysis is self-consistent. But, we should note a word
the infall model parameterdc = 3, » = 0.3Cyr , andA = caution concerning comparison of theory with the Solar Syste
4.33 Gyr; in addition, they adopted an age of 15 Gyr for théetblljrlldances InI egneral pdule to the Weaykv,x\lnthro ic Princ)i/ IeI
Milky Way (which is consistent with the time scale of Ouris dan eroué to gssumé that a particular solar grameterri)s t,\
Eq. (1)). These values differ slightly from Clayton's older eStii_cal (G%nzalez 1999b). Those sItJudies that use tphe Solar S st;
matesk = 1, v = 0.3 Gyr!, andA = 1 Gyr. We will adopt ' y

the estimates of Pagel and Tautvaisiene in the following cal [V -process ratio to derive an estimate of the age of the Milk

lations, since they are based on more recent data. We also negéa!l nmrgt?; :jhei(r;g)irr?et()ﬁ‘sgrilogigtrﬁTlr:anfihe?rf Igtsat\(rasa\(/jvrl:iiig
the production ratios. Cowan (private communication, 199 P y

gives: log(Th/EW = —0.32, log@U/Eu), = —0.48, and log cludes the Sun. Unfortunately, it is not possible to determine tf

(238U/Eu), = —0.68. (Combining the theoretical Th/Eu produc-Th/Eu ratio in the atmogphere of a star as precisely as it can
determined in a meteorite.

ey o oo T2 Tofomine 1,50, 0 Folage ltions, wecan con
’ ' g Y' bine the results of Fig. 4 with Egs. (1) and (2). However, instea

for them.) . . . . :
With this set of parameter values and Egs. (3) and (4), we haQ/feusmg the results of Fig. 4 directly, itis more appropriate for the

calculated the present abundances of the Th and U isotopes %(F_sent discussion to calculate the abundances of the radioact
: : . elements 4.5 Gyr after the formation of the star. We show th
ative to Eu for a star formed at a tinbeafter the formation of

the Galaxy (Fig. 4). The absolute abundance ratios have been

converted into relative ones using the present meteoritic isotopig, Note that Eqs. (3) and (4) yield the abundance of a given species inthe IS
gbundancgs listed by Anders and Grevesse (19,89)' The Calcg@émetime, after the formation of the Milky Way. To calculate the free decay
t[lonS take into account the free decay of the. radloa(_:tlve ISOtOpﬁg radioactive isotope betweeérand the present, Eq. (4) must be multiplied
in the atmosphere of a star between the time of its formatiope (5%,
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o fF T ' T T ISM by SNe Il (note that we are not saying the is generated
a -- By in a SN 1l event, but, rather, that tH8K produced previously
0s b - f;‘rjh in the interior of the SN progenitor is dispersed into the ISM by
: — g 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 the
abundance of’K relative to that of Sr. As we did for Th and
U, we begin by deriving the relation between the stable refe
ence element and Fe. Employing the observations of Gratt
and Sneden (1994), we derive

06 [

[X/Fe]

02

[Sr/Fe]= —(0.18+ 0.04) — (0.29+ 0.06)[Fe/H]  (5)
0.0
from 11 stars with [Fe/Hp —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. Howeve
because Sr is a secondary element, one would expect it to h:
a different dependence on Fe. The close agreement between
two slopes is probably fortuitous. As above, we make use
FIG.5. The P32Th, 233U, 238y, “%K/Fe] values in a star 4.5 Gyr after its Clayton’s equations to derive the evolution of t&/Sr ratio.
formation gsafunction of formation tinte The error bars shown at the_ time of\\fe adopt the value of the half-life fd°K given by Fowler
the formation of the solar system are based on an uncertaint0% in the - 1990y 1 25 Gyr, which includes the effects of the branche
production ratios. The Solar System value is indicated with an open circle. .. . .
decay of this isotope. Unfortunately, the production ratio o

results of such a calculation in Fig. 5. The results indicate thati/Sr (E(_4OK/5r)0) is not well known, and so we have set its
relative to Fe, all three radioactive isotopes decreasetwitr Vﬁ)lue to give the present Solar System abundance ratio; we ¢
example, stars born today will, in 4.5 Gyr, have a smaller ratio bf </Sfo = 0.64. The resulting trend of {K/Fe] is shown in
Th/Fe than the Sun does today. This is because the Fe abund&ii@e>: The curve does not pass through zerb-at10.5 Gyr,
in the ISM is rising more rapidly than is the Th abundance. Pecause the Sun has a greater Sr/Fe ratio than other solar me
The Galactic chemical evolution 8fK is more difficult to !ICity Stars used to derive Eq. (5); this might be another examp
determine for two reasons: (1) the sourced%¢ are diverse, of an anomalous solar parameter value related to habitabili
with bothr - ands-processes contributing and (2) it is not possiS€€ Gonzalez 1999b). , ,
ble to measure the abundancé® in the spectra of stars. The EVven before we produced Fig. S, it was already clear th:
most abundant isotopes of K in the Solar System38#eand [*°K/Fe] ;hogld decl.ln('e with time given the ob'se'r\{ed dec;lme (o
41K both of which are produced by Type Il SNe (Thielemanp/Fe] with time. This is the case because O is |nj_ected into tr
et al. 1996); stellar spectra only give us the sum of #ig, ISM by the same type_s of_stars ad9k. However, this dqes not
40K and“1K abundances. In addition, since K is more volatil&€an thaf%K is declining in the ISM; on the contrary, its mass
than U and Th, it will condense out of the protoplanetary nebulction is increasing (Podosek al. 1999). .
at relatively larger radial distances from the parent star. Hence Finally, we should note that our calculations of the time evo
there is a radial gradient in the radiogenic isotope concentratif§on of long-lived radioisotopes assume that the evolution ¢
among planetary embryos; the gradient should be particulaﬁ}?'r abundances can be approximated by smooth functior
important if significant amounts of K can be incorporated intNiS @ssumption is justified if the immediately preceding SN
the core, which should form early in the accretion process. N the vicinity of the forming planetary system contributed only
The isotopes of the elements Se, Kr, Rb, and Sr are lik elatively small fractlorj of freshly synthesized |sotc_)pes to i
to be produced in the same site Q& (Prantzoset al. 1990, Podoselet al (1999) estimate that about 3% of tH in the _
Podoseket al. 1999). They belong to the so-called weaf@'y Solar Nebula was contributed by a massive star SNe ir
s-process component, i.e., the one with the smallest neut,r&g_dlat_ely preceding its fqrmauon. This is sufficiently small no
exposure, of the Solar System isotopic distribution, which aff@ invalidate our assumption.
thought to be produced in the He-burning regions of massi
stars (Kappeleret al. 1989, Prantzost al. 1990). SoméK is
also producedin SNe Il (Thielemarnhal 1996), butthe primary ~ Now that we know the evolution of the abundances of the lonc
production is probably by the-process. According to Cowanlived radionuclides in the ISM, we can estimate the evolutio
(personal communication, 1999), tegrocess contribution of of the radiogenic heating in a terrestrial planet. We will use th
K is 89% in the Solar System. Thus, althou§K is produced Earth as the standard in the following discussion for obviou
by more than one mechanism, it is probably dispersed into treasons.

o [T

10
t (Gyr)

4%3. Evolution of Terrestrial Planet Radiogenic Heating
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In the calculations of the previous section, we adopted wh AU AL AL AL
are believed to be the isotopic abundances characteristic of F
Solar System as a whole prior to the fractionation of the volati
elements. However, the present bulk compositions of the ple
ets vary considerably. In the Earth, the noble elements (He, I
Ar, etc.) and other volatiles (H, CNO) are greatly underrepre,
sented relative to the solar photospheric abundances. Kargel
Lewis (1993) give estimates for the amounts of K, Th, and
in the core and the mantle crust of the Earth; they estimate
210 ppm by weight of K and no significant U or Th in the core
More recently, Lodders (1995) and Kargel (1995) argue for
higher core abundance of K (550 ppm), based on the assur &
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core abundance of K and Kargel and Lewis’s (1993) values f
the mantlet crust abundances of K, Th, and U. Herndon (199:
estimated the mass of U in the core based on the compositior SIS FUUEE I PR TN PP T PR
the Abee enstatite meteorite; he quotes masses of 5(8° g
for 235U and 8.0x 10'8 g for 228U in the core, both of which we
adopt. To calculate the mass?3fTh in the core, we assume the FIG. 6. Evolution of radiogenic heating from the decay 8K, 232Th,
same ratio of Th/U as quoted by Anders and Grevesse (19§§5J, and?38y in the Earth’s interior. The dot represents the observed presel
for meteorites. This set of abundances results in bulk-Earth-flg&t oss atthe surface of the Earth (Pollackl. 1993). Herd corresponds to
C1-chondrite ratios of 1.92 for U, 1.89 for Th, and 0.62 for Kt.he time since the formation of the Earth.
Relative to Fe, these ratios are U/=el.12, Th/Fe= 1.10, and
K/Fe=0.36. but it complicates the interpretation, since we are introducin
While we adopt specific values for the abundances of the rget another parameter.
dioactive isotopes in this section, we need to be clear that somés already noted, the bulk composition of the Earth differs
of these numbers are not yet well known. This is particularlyom C1-chondrites, whose abundance pattern is a close mat
the case for K, for which the core abundance is still contrde that of the solar photosphere (except for the most volatil
versial, and for which the degree of fractionation during planetements). The differences are most likely due to the highe
formation is also uncertain. Therefore, our quoting numbers mebular temperatures in the inner protoplanetary disk, whe
two significant digits does not imply that the estimates are to tiee Earth formed. The place of formation of the C1-chondite
accepted at that level of precision. allowed them to experience relatively less volatile fractionatiol
To calculate the radioactive heating, we also need to knaluring their condensation. Therefore, to calculate the radioger
the amount of energy produced per decay, which we adopt frév@ating in the interior of an Earth-like terrestrial planet, we mus
Faure (1977). We show the results of our calculations for tfiest scale the stellar K/Fe, Th/Fe, and U/Fe abundance rati
Earth in Fig. 6. Our calculations give a present-day radiogerfrom Fig. 5 using the bulk Earth-to-C1-chondrite ratios giver
heat production rate of 3.26 10°° erg s* for the entire Earth; above. We show the results of such a calculation in Fig. 7. The
the core contributes 22%. The observed present global heat livgcate that a terrestrial planet with the same formation tim
rate atthe Earth’s surface is (4.42.10)x 10°°ergs* (Pollack and age as the Earth produces only 36% as much radiogel
et al. 1993). It is not clear if the deficit can be accounted fdreat, and one forming today will, in 4.5 Gyr, produce only 21%
entirely from uncertainties in the radioisotope abundances. Mae much. This is due to the smaller value*t/Fe predicted
likely, other heat sources, such as secular cooling of the core dnydour Galactic chemical evolution calculations. It is not clea
mantle, can make up the difference (see Breuer and Spohn (198®)e “°K/Fe ratio in the Earth really is anomalously high for
and references cited therein). its formation time, so we have also calculated the radiogen
Combining the results of this section with those of the previieating in an Earth-mass terrestrial planet assuming the Eartl
ous one, we can calculate the evolution of the radiogenic heatrent radiogenic heat production to be typical (Fig. 7, dotte
production in a terrestrial planet formed at any time since tlerve). In this second case, an Earth-twin formed today wil
formation of the Milky Way. There are two ways of approaching 4.5 Gyr, have 60% of the present Earth’s radiogenic he:
this problem: (1) we can keep the planet mass constant, or (2)preduction.
can assume that the planet mass scales witAl (see Sec-  The radiogenic heat production for variable planet mass
tion 2.1). The first case is applicable to a discussion that assurebhewn in Fig. 8. As can be seen in the figure, for a terrestrie
that a terrestrial planet near the Earth’s mass is a requiremplanet with a mass that scales with26¢", the radiogenic
for complex life. The second case is probably closer to realityeat production levels off. However, if we are correct in oul

tion that the Earth accreted from material similar in compositic Fo ;3:5" ...........
to enstatite chondrites. We will adopt this second estimate fort ~ jgof .. 2 e 4
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&
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mation relative to the present radiogenic heating in the Earth as a function of
formation time (solid curve). This is based on the data in Figs. 5and 6. The d

have also been multiplied by a constant in order to pass through urtity=at
10.5 Gyr (dotted curve).

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

T
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FIG.8. Same as Fig. 7 but for planet mass thatis proportionaltSLT&/H;
the solid and dotted curves have the same meaning as before. The planet
relative to the Earth is indicated by a dashed curve.

Radiogenic heating in an Earth-mass planet 4.5 Gyr after its for-
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4. OTHER GALAXIES

Like stars, galaxies span a very broad range in luminosity (ar
mass). The Milky Way is classified as a large spiral galaxy ¢
morphological type SAB(rs)bc with an absolute blue magnitude
Mg, of —20.2 4+ 0.15 magnitudes (de Vaucouleurs 1982). It is
one of three spirals in the Local Group.

Itis now well established from observations that a metallicity-
luminosity correlation exists among galaxies of all types
Pilyugin and Ferrini (2000) discuss this correlation among late
type galaxies (see their Fig. 1); the sense of the correlation
such that luminous galaxies are more metal-rich than less |
minous ones. We can calculate the fraction of galaxies that a
less luminous than the Milky Way (and therefore more meta
poor) by comparing the Milky Way’s luminosity to the nearby
galaxy luminosity function. The observed luminosity functior
of a sample of nearby galaxies is usually fitted to a Schecht
function (Schechter 1976), which is of the form

dL

wdi=v (&) ed(-5)5E @
fihere
L pame—my
o =10 : )

riaﬁolkeset al. (1999) present results of an analysis of a pre
}gmary sample of 5869 galaxy spectra from the 2dF Galax

dshift Survey. A Schechter function fit to their dataset yield
the following values for the constants in Egs. (6) and (7) (in blu
light): M* = —19.73 magnitudes and = —1.28. Restricting
our calculations tdVig between—14 and—22 magnitudes, we
find that (1) the Milky Way is among the 0.7% most luminous
galaxies in the blue and (2) these most luminous galaxies cc
tain 16% of the blue light (and, presumably, 16% of the stars
Of course, this is only an approximate estimate; we did not ir
clude in our calculation the cosmic dispersion in metallicity at
given luminosity nor the spread in metallicity in a given galaxy
Exclusion of these other factors may increase the uncertainty
our estimate by a few percent.

If we were to assume that the total number of stars in a gala:
is proportional to its luminosity in the blue, then we could jus
equate the relative luminosities given above to the relative nur
bers of stars. Unfortunately, in the blue we are sensitive to tt
relatively small number of massive blue stars recently formed |
a galaxy, and so we are in effect biased toward galaxies with &
tive star formation activity. To reduce this bias, we can repeat tt
above calculation with observations obtained with aredder ban
pass. Reed (2000) estimates that massive stars contribute at
2% of the Milky Way'’s luminosity in the visual band. De Vau-
couleurs (1982) gives the Milky Way®ly as—20.73+ 0.16
magnitudes. Blantoet al. (2001) derive luminosity functions in
five.bandpasses from Sloan Digital Sky Survey commissionir
data. None of the Sloan filters is equivalent to the Johnson
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filter, but the average wavelength of the Slegrandr * filters is In the process of defining the GHZ, we found it necessar
equivalenttoit. The Schechter function constants correspondiirgt to establish the links between the Circumstellar Habitabl
to the average of the Sloayt andr * filters areM* = —20.40 Zone and Galactic scale phenomena. As a result of our revie
magnitudes and = —1.23. Restricting our calculations tdy  of studies of the CHZ, we found that many important factors ar
between-15 and—23 magnitudes, we find that (1) the Milkynot included in its general definition. These include the radic
Way is among the 1.3% most luminous galaxies in the visuadbmposition gradientin the early protoplanetary disk (especiall
and (2) these most luminous galaxies contain 23% of the viswéth regard ta*°K), the radial dependence of impactor energy
light. and details of the late stages of planet accretion.

Of course, these results do not apply to the distant (and henc®ased on Galactic chemical evolution alone, we find, not su
early) universe (e.g., the Hubble Deep Fields). The metalliprisingly, that the thin disk near the Sun is the most likely plac
ity was much less then (see Wasserburg and Qian (2000) for Earth-like planets to form in the present time. On average
a discussion of the very early metallicity evolution of the unithe inner disk should contain terrestrial planets larger than tt
verse). Also, the radiation environment was much more hosttarth, and the outer disk is likely to contain smaller terrestri
due to the higher frequency of transient radiation events (espéanets. Given recent evidence of a metallicity dependence ¢
cially in the center of a galaxy, where the metallicity is highest§jiant planet formation, they should also be more common in tr
Therefore, it is likely that the Hubble Deep Fields are cominner Galactic disk. The bulge should contain many Earth-ma:
pletely devoid of habitable planets (except possibly for a feplanets but relatively few Earth-like planets, given the differen
nearby foreground galaxies). Until recently, studies of the eviix of elements among its stars. The evolving concentration
lution of star formation activity in the larger universe indicatethe geophysically important radioisotopes in the ISM establishe
that it peaked near a redshift of 2, which corresponds to ab@uvindow of time (albeit with fuzzy boundaries) in the history
3 Gyr after the Big Bang (Blain and Natarajan 2000). Howeveorf the Milky Way during which terrestrial habitable planets with
more recently, some have begun to argue that the star forrfeag-lasting geological activity can exist. That window is slowly
tion rate peaked prior to a redshift of 2 (e.g., Metcadfeal. closing with a time scale of billions of years.

2000). Observations of other galaxies show that the Milky Way'’s
star formation history is probably not atypical. Star formation ir

5 SUMMARY other large galaxies probably peaked at about the same time a:

the Milky Way. The observed correlation in the nearby univers

We have argued that there exists a zone of enhanced hagtween the metallicity of a galaxy and its luminosity implies
ability in the Milky Way, which we have termed the Galactidhat low luminosity galaxies are unlikely to contain Earth-mas:
Habitable Zone (GHZ). One of the more important factors @lanets yet.
the metallicity of the interstellar matter out of which a plane- Of course, the definition of the GHZ presented in this study i
tary system forms. This determines the masses of the terrestfi@l complete, as we did not discuss Galactic scale constraints
planets in the system (and probably also the gas giants). Tdikectly related to Galactic chemical evolution. These includ
is based on the assumption that terrestrial planet mass sciieats from transient radiation events and dynamical perturb
with the surface density of solids in a protoplanetary disk, suélens of comet and planet orbits (to be discussed in future pape
that lower metallicity leads to smaller planets. We estimate, veifythis series). Consideration of these other constraints leads
approximately, that a metallicity at least half that of the Sun 1§ exclude the bulge and inner disk from the GHZ. In summary
required to build a habitable terrestrial planet. These assuntipen, the GHZ is an annulus in the thin disk of the Milky Way
tions need to be tested with simulations of planetary formatidfat migrates outward with time as the heavy elements build u
with adjustable initial metallicity starting with the collapse of
the birth cloud. ACKNOWLEDGMENTS
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