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Chapter 5 

Astronomical Circumstances 

5.1 Introduction 

The initiation of life and the progress of biological 
evolution are probably extremely rare things in the 
Universe. First you need a planet upon which life can 
take root. Then, a star provides the warmth needed to 
keep planetary water from freezing. But some planets 
can be so close to the star that their reserves of water 
will evaporate from the heat. While other worlds will 
orbit at such great distances that their icy coating will 
never be melted into seas of life by a warming star. The 
combinations of circumstances that planets may find 
themselves in are, well, astronomical. There is nothing 
we can do about that. But we can find a reasonable way 
to cope with such complexity so we can find the 
answers that concern us about a planet’s prospect for 
life and evolution. That is the purpose of this chapter. 

The ultimate value of this chapter is the presentation of 
the three following methods: 

1. An integrated method for predicting best case 
scenarios for biological evolution on planets orbiting 
stars of different masses 

2. An integrated method for predicting the 
historical profile of a planet in relation to its star’s 
habitable zone 

3. A method for assessing a planet’s risk of impact 
from comets and asteroids 

To a planet, the most influential outsider is its primary 
star—the star it orbits. The star provides the planet with 
radiant light and heat. And its powerful gravity keeps 
the planet from drifting off and getting lost in space. As 
part of this exposé, we must consider these stellar 
properties if we are to consider planets as candidates 
for life. 

5.2 The life history of a star 

Planetary biology theory ultimately wants to be able to 
estimate the maximum amount of time available for 
biological evolution for planets under different 
astronomical circumstances. For example, how much 
time would be available for a planet orbiting around a 
large star compared to a planet orbiting around a small 
star? It turns out that there is a dramatic difference 
because of the properties of stars. 

The stars that you and I see twinkling in the night sky 
are visible to us because they are ferociously ‘burning’ 
hydrogen in unimaginably powerful internal nuclear 
fusion reactions. The result of those reactions is the 
brilliant dots of light that decorate the night sky. 
Astrophysicists call this burning stage the ‘main 
sequence’ stage of a star’s life. The main sequence stage 
is the longest of several possible stages in a star’s 
overall life. Stars go through the following stages during 
their lifetimes (see fig. 1, Life stages of a star): 

5.2.1 Protostar 

This is a large and massive body of gas that has 
aggregated into a collapsing ball, driven by gravity. It is 
dim although it may emit some infrared radiation late in 
its formation. As the collapse continues the internal 
pressure and temperature becomes high enough to start 
nuclear fusion reactions. When they begin, the star 
enters the next stage of its life, the main sequence 
stage. 

5.2.2 Main Sequence Stage 

For those of us who don’t study stars, this is the stage 
with which we are most familiar. Our sun and the stars 
we see at night are in the main sequence stage. During 
the main sequence stage, the star’s interior is occupied 
by violent nuclear fusion reactions. The electromagnetic 
energy (mostly infrared radiation, visible light, 
ultraviolet radiation) that results from these reactions 
makes its way to the star surface, through the star’s 
atmosphere and out into space. The result is a 
luminous body that radiates energy in all directions. 
This is the energy that can illuminate and warm the 
star’s orbiting planets. The vigor of the internal 
reactions and the availability of hydrogen fuel limit the 
duration of the main sequence stage. Big stars tend to 
consume their fuel quickly and have short main 
sequence stages. Small stars burn their fuel slowly and 
have long main sequence stages. Once the fuel is 
burned, the star enters into the next stage of its life. 

Author’s note (March 6, 2009): This DRAFT document was originally prepared in 1998 and has not been fully 
updated or finalized. It is presented here in rough draft form. Despite its unpolished condition, some might find its 
contents useful.



Astronomical Circumstances 59 
Copyright© 1999 by Tom E. Morris. http://www.planetarybiology.com 

This DRAFT document is an excerpt from Principles of Planetary Biology, by Tom E. Morris. 
5.2.3 Giant Branch 

Once its hydrogen fuel is mostly consumed, a medium 
sized star like our own will expand outward to become a 
red giant. During this stage (which will happen to our 
sun in about 5 billion years), our sun will expand 
outward to engulf Mercury, Venus and possibly Earth. 
Compared to the main sequence stage, the giant branch 
is shortlived. 

5.2.4 Aftermath 

At the end of the red giant stage, a mediumsized star 
will eject its outer shell and then collapse for one final 
time becoming a white dwarf. White dwarves are what 
remains of the star’s core and shell after it has 
concluded all of its nuclear burning. With no internal 
nuclear force to buoy the star outward or generate heat, 
the star’s mass collapses and begins to cool. 

Stars whose masses differ greatly from that of the sun 
may have much different fates. For example, small stars 
do not go through the giant stage but simply collapse 
into white dwarves after the main sequence. The death 
throes of large stars are the most dramatic of all. After 
large stars finish their giant branch, they explode in 
what is called a supernova. This explosion can utterly 
destroy the star or, for really massive stars, the 
aftermath of the supernova can leave behind an 
extremely massive and dense neutron star  or even a 
black hole. 

For a more detailed description of stellar evolution, 
consult Iben (1967) and Sackmann et al. (1993). 
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Figure 1. Life histories of stars.
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based on their brightness (magnitude), temperature, 
radius, luminosity, mix of colors (spectral class), and 
mass. For our purposes, we are going to use mass as 
our basis of stellar comparison. 

The term, mass, is used by physicists to describe the 
property of an object that gives the object weight in a 
gravitational field. On Earth, objects of great mass also 
have great weight, because gravity acts on mass. 
Objects of low mass have low weight. But out in space, 
where there is little or no gravity, the same objects will 
still have their original mass although they may be 
weightless. Just watch the space shuttle astronauts try 
to move a weightless satellite. It’s really hard because 
the satellite is very massive compared to the astronaut. 
So, mass can be used as a convenient way to describe 
the ‘bulk’ of an object anywhere. 

The mass of a star (stellar mass) influences three main 
circumstances that we are concerned about: 1) stellar 
luminosity and the position of circumstellar habitable 
zones; 2) the time that the star will stay in its main 
sequence stage; 3) the orbital period for a planet at any 
given orbital radius. 

5.3 Stellar Luminosity and Circumstellar Habitable Zones 

Stars generate immense amounts of energy, which they 
radiate to space in all directions. Astrophysicists 
consider a star’s total energy output as its luminosity. 
The star’s energy mostly is in the form of 
electromagnetic energy (usually as variable mixes of 
infrared, visible light, ultraviolet radiation). 

Stars are a major source of heat in an otherwise 
shockingly cold Universe. When a star’s radiation 
strikes a planet, if it is absorbed and not reflected, it 
can cause the planet’s surface to warm up. The closer a 
planet is to a star, the more stellar radiation it will 

receive each moment, so the warmer the planet will get 
(all other things being equal). This being the case, 
around all stars there is a distant zone in space where 
the star’s radiation levels would cause the surface of an 
Earthlike planet to be not too cold for liquid water, and 
not too hot for liquid water. On Earth, water exists in the 
liquid state at temperatures between 0° and 100° C 
(32° 212° F) at sea level. If a waterrich, Earthlike 
planet orbits a star within this zone, liquid surface 
water would be possible (if we consider temperature as 
the primary constraint). Since our unavoidable bias 
recognizes that liquid water is essential for life, worlds 
that possess it would be the most habitable – especially 
if we compare such moderate worlds with extremely 
cold or hot counterparts such as icy Pluto or baking 
Mercury. 

Huang (1959) first described this region in space as the 
habitable zone. The location of the habitable zone 
depends on the magnitude of a star’s luminosity. For 
stars with low luminosities, habitable zones will be 
closer to the star. Stars with great luminosities will have 
more distant habitable zones. 

Anything that influences stellar luminosity also 
influences the habitable zone. Mass matters. For 
example, the more massive the star, the more luminous 
it will be, and the farther out the habitable zone. Also, 
during the main sequence stage, stars gradually 
become more luminous as they get older. Habitable 
zones migrate outward. So the habitable zone at the end 
of the main sequence stage will be farther out compared 
to its original location at the beginning of the main 
sequence stage. The speed of migration also will vary 
with star mass. Big stars brighten and die out faster 
than do small stars. So habitable zones migrate slowly 
away from small stars and last a long time. But 
habitable zones move out quickly from big stars and are 
shortlived. 

Figure 2. The habitable zone around the sun.
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These are the basic concepts that govern this limited 
suite of astronomical circumstances. But thinking of 
them only conceptually confuses me. I need a set of 
quantitative benchmarks to help me better comprehend 
the consequences of different combinations of theses 
phenomena. That is the purpose of the next section. 

5.4 Preparations toward developing best case scenarios for 
biological evolution on planets orbiting stars of 
different masses 

I want to be able to compare the habitable zones for 
stars of different masses. Particularly, I want to 
compare each hypothetical best case scenario for 
habitable zone planets around stars of different masses. 
In order to accomplish this task, I must do the 
following: 

• Construct historical profiles for habitable zones 
around stars of different masses. 

• I must develop a method for accomplishing this 
task. 

• Develop a method for establishing the best case 
scenario conditions for biological evolution. 

• I will do this by identifying the orbit of greatest 
opportunity with regard to the habitable zone and 
by considering the influences of tidal braking. 

I will start by developing a method for constructing 
historical profiles for habitable zones around stars of 
different masses. In order to do this, I must consider 
how the habitable zone changes during the star’s main 
sequence life. 

5.5 Considering the historical profile of habitable zones 
during the star’s main sequence life 

Because stars gradually become more luminous during 
their main sequence lives, habitable zones must migrate 
outward. The phenomenon of migrating habitable zones 
presents an interesting circumstance to a star’s family 
of planets. After a time, planets that were once inside 
the habitable zone may find themselves left behind to 
bake as the habitable zone makes its way outward. And 
frozen outer planets originally beyond the reach of the 
habitable zone may eventually bask in icemelting 
warmth as the habitable zone creeps out to them. 

As there could be endless combinations of star 
properties and planetary orbits, it becomes challenging 
to deal with these phenomena in a consistent way 
without getting confused. Therefore, I am proposing a 
quantitative method that considers these phenomena in 
terms of several benchmarks that can be used for quick 
comparisons. 

For our purposes it isn’t necessary to be able to plot the 
precise state of these astronomical phenomena at every 
moment in time. I just want to be able to see trends and 
I want to be able to make quick comparisons between 
rough sets of circumstances. In order to get ‘on talking 
terms’ about the variety astronomical circumstances 

Figure 3. View from a planet starward (closer towards its primary 
star) to the habitable zone. 

Figure 4. View from a planet in the habitable zone. 

Figure 5. View from a planet beyond the habitable zone.
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possible for planets and stars, I am considering the 
placement of the habitable zone around a star at the 
following three milestone moments in the star’s main 
sequence lifetime (fig. 2): 

1) at Zero Age main Sequence (ZAMS). This is the 
moment when the star begins to ‘burn’ hydrogen in 
internal nuclear fusion reactions. The main 
sequence stage is the span of years in a star’s life 
that is dominated by this internal activity. It is 
when the star ‘shines’, like our sun for example. 

2) At Habitable Zone Transit (HZT). This is the moment 
when the inner boundary of the habitable zone has 
migrated outward after many millions or billions of 
years such that it now is the same distance from 
the star as was the zero age main sequence outer 
boundary of the habitable zone. At this moment, the 
habitable zone has transited its entire zero age 
main sequence range such that it now lies adjacent 
to and beyond its original range. 

3) At Main Sequence End (MSE). This represents the 
final ‘moment’ of the main sequence stage. The 
habitable zone will continue to migrate outward 
until the end of the star’s main sequence stage. The 
habitable zone at MSE is the farthest and final 
position of the habitable zone. 
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Figure 6. Historical profile of a star's habitable zone. 

5.6 Calculating the location of habitable zone at zero age 
main sequence (ZAMS) 

The placement of the habitable zone around a star is a 
consequence of the star’s luminosity. If a star is very 
luminous, its habitable zone will be far out. Stars with 
weak luminosity will have habitable zones close in. In 
any case, in order for me to calculate the location of the 

habitable zone around a star at zero age main 
sequence, I must know its luminosity. If I do not know 
its luminosity, then I can use its mass to estimate its 
luminosity. 

The science of astrophysics seeks to understand how 
stars work. Astrophysicists try to explain how stars 
form, why they shine the way they do, and why some of 
them eventually explode. Astrophysics involves an 
intricate combination of chemistry, conventional 
physics, nuclear physics and astronomy. 
Astrophysicists now understand stars to be very 
complex phenomena such that stars can have elaborate 
internal structures and dynamic lives. Thankfully, it is 
not necessary for us to understand stars in such detail. 
In brief, there are two properties of stars that concern 
us here: 1) The luminosity of a star is a consequence of 
the star’s mass; and 2) How luminosity increases as the 
star ages. 

First, let’s see how a star’s mass affects luminosity. Big 
stars are very luminous and small stars are less 
luminous. Remember that luminosity is a description of 
the star’s overall energy output per unit time. A big star 
will be more luminous than a small star mainly because 
the bigger star simply is burning more hydrogen fuel at 
any given moment, like a bonfire is burning more wood 
at a given moment compared to a single match. 

Using the sun as our beststudied star, Martyn Fogg 
(1992) has developed a simple expression showing this 
relationship at the beginning of a star’s main sequence 
life. 
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L represents stellar luminosity normalized to our sun’s 
present luminosity (L ¤ ). For example, our sun’s present 
absolute energy output is about 3.86 x 10 33 erg/second 
(Lang 1992, p. 103). Rather than using this complex 
energy expression, astrophysicists invented a new unit, 
the L ¤ where the sun’s present energy output simply 
equals 1L ¤ . This makes it easier to compare the 
luminosities of different stars as simple fractions or 
multiples of our sun’s luminosity. For example, the very 
bright star, Sirius A, has a luminosity that is 23 times 
greater than that of our sun. So we express its 
luminosity as 23L ¤ . Meanwhile, Alpha Centauri B’s 
luminosity is only 45% of our sun’s luminosity. So we 
express its luminosity as 0.45L ¤ . 

ZAMS means Zero Age Main Sequence. This is a time 
marker that indicates we are considering the state of 
the star at the very beginning of its main sequence 
stage.
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M represents the mass of the star we are considering, 
normalized to our sun’s mass (M ¤ ). As with luminosity, it 
is far easier and more meaningful to compare stars 
using our sun as the known standard. For example, the 
star, Y Cygnus, is about 17 times more massive than 
our sun. So we express its mass simply as 17 M ¤ , 
rather than 3.36 x 10 34 g. 

n represents a variable that quantifies the degree to 
which luminosity will differ between stars of different 
magnitudes. The n variable is an outcome of stellar 
model calculations that include the star’s central 
density, core temperature, core mean molecular weight, 
and interior opacity (Iben 1967). The value for n is not 
the same for stars of different masses. Taking from Iben 
(1967), Fogg (1992) consolidated n values into the 
following two categories: 

n = 4.75 for stars 0.7 to 2 M ¤ 

n = 3.75(M/ M ¤ ) + 2.125, for stars 0.1 to 0.7 M ¤ 

Once we have calculated the L ZAMS , we can then 
determine the boundaries of the habitable zone at zero 
age main sequence. Using the luminosityhabitable zone 
relationship presented by Whitmire and Reynolds 
(1996), we can calculate the inner and outer boundaries 
for the habitable zone at zero age main sequence as 
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where: 

ZAMS 
i r  represents the distance from the star to the inner 

radius of the habitable zone at zero age main sequence, 
in astronomical units (AU) 

ZAMS 
o r  represents the distance from the star to the outer 

radius of the habitable zone at zero age main sequence, 
in astronomical units (AU). 

ZAMS L  represents the luminosity of the star at zero age 

main sequence, in solar  luminosities (L ¤ ) 

The value 1.1 represents the stellar flux that defines the 
inner boundary of the habitable zone [taken after 
Kasting et al. (1993)]. 

The value 0.53 represents the stellar flux that defines 
the outer boundary of the habitable zone [taken after 
Kasting et al. (1993)]. 

The Astronomical Unit (AU) is a unit of distance that is 
equal to the average distance between the Earth and 
the sun. So, a planet that is three times as far from the 
sun as Earth would have an orbit of 3 AU, which is 
easier to work with than 4.485 x 10 13 cm. 

The model I am using estimates the location of the 
habitable zone for an Earthlike planet as a function of 
luminosity and stellar flux. The term, stellar flux, 
describes the quantity of stellar energy that strikes a 
distant object each second. Stellar flux is greatest near 
the star and smallest far from the star. You probably 
have experienced the energetic flux from a campfire and 
have adjusted your seating position accordingly. As 
energy radiates outward from the star (or campfire), it 
dissipates over larger and larger areas, becoming less 
intense in the process. There is no material uncertainty 
regarding this phenomenon. However there is 
uncertainty regarding the ranges of solar flux that 
would define a habitable zone around a star. 

For example, Kasting, Whitmire and Reynolds (1993) 
studied the placement of habitable zones defined by 
several different combinations of solar fluxes. Based on 
their work, if habitable zones are defined too broadly 
several things can happen. Planets near the inner 
boundary of the broadly defined habitable zone are 
likely to lose all of their surface water in a short period 
of time due to a runaway greenhouse effect. And the ice 
on planets near the outer boundary of the broadly 
defined habitable zone may not melt. This is because, 
unlike a black body, ice and carbon dioxide clouds tend 
to reflect incoming stellar energy. So, higher fluxes 
would be necessary to overcome these reflective 
tendencies. 

Because of these uncertainties, I am using the most 
conservative stellar flux values considered by Kasting et 
al. (1993). I hope this will increase the reliability of the 
model such that any Earthlike planet within the 
habitable zone would have liquid surface water for the 
duration of its residency in the habitable zone (all other 
things being equal). 

The luminosity of the star gradually increases during 
the main sequence. This happens generally as a 
consequence of the two following things happening in 
the star’s core: 
1) There is a gradual increase in the mean molecular 

weight of the core. The mean molecular weight in 
the core increases as nuclear fusion reactions 
steadily convert hydrogen into helium. As this 
reaction continues for millions or billions of years, 
the proportion of helium in the core increases, and 
the proportion of hydrogen in the core decreases. 
This shift increases the core’s mean molecular 
weight. BöhmVitense (1992, p. 119) reported the 
relationship between Luminosity and mean 
molecular weight to be
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6 µ ∝ L 
µ represents the mean molecular weight of the star. 

According to this relationship, luminosity is 
proportional to the mean molecular weight raised to 
the sixth power. This means that even a small 
increase in the core’s mean molecular weight will 
result in much larger increases in stellar output. 

2) As a consequence of the increase in the core’s mean 
molecular weight, there is an accompanying 
reduction in outward pressure. This is because the 
conversion of hydrogen to helium reduces the total 
number of particles in the core and, for a given 
temperature, this reduces the outward pressure. 
So, the core contracts a bit, converting gravitational 
energy into electromagnetic energy and heat. As a 
result of this contraction, the core gets hotter, and 
the star becomes slightly more luminous. This 
contraction process proceeds gradually during the 
course of the star’s main sequence life. 

In other words, the star gets more luminous as it gets 
older. As the star gets more luminous, the habitable 
zone moves outward from the star. Eventually, the 
habitable zone will migrate outward completely beyond 
the original, zero age main sequence habitable zone. 
When this happens, this is the moment of habitable 
zone transit. 

Calculating the location of habitable zone at habitable 
zone transit (HZT) 

Determining the location of the inner boundary of the 
habitable zone at the moment of habitable zone transit 
(HZT) is simple. It is at the same place as the outer 
boundary of the original, zero age main sequence 
habitable zone. So, 

ZAMS 
o 

HZT 
i  r r = 

HZT 
i r  represents the inner boundary of the habitable 

zone at habitable zone transit. 

Before I can determine the outer boundary of the 
habitable zone at HZT, I must know the luminosity of 
the star at the moment of HZT. 

Since the inner boundary of the habitable zone at HZT 
equals the outer boundary at ZAMS, we have 
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where 1.1 represents the magnitude of stellar flux at the 
inner boundary of the habitable zone. 

Substituting and rearranging, we get an expression that 
allows us to estimate the luminosity of the star at 
habitable zone transit. 
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Now that we have a way of estimating the luminosity at 
HZT, we can calculate the outer boundary of the 
habitable zone at HZT. 

Since 
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using the above expression for L HZT , we get 
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Calculating the location of habitable zone at main sequence end 
(MSE) 

Before we can calculate the location of the habitable 
zone at main sequence end (MSE), we need to determine 
the star’s luminosity at MSE. First I have to determine 
how long the star will be in main sequence stage. Fogg 
(1992) supplies the expression 
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see above for the values for n. 

Once I know how long the star will be in main 
sequence, I can calculate its luminosity at MSE using 
Fogg’s (1992) expression adapted from Gough (1981). 
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I can now calculate the boundaries of the habitable 
zone at MSE. 
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5.7 Determining the orbit of greatest opportunity (O 
GO 

) 
relative to the habitable zone 

Now that I have a way for developing an historical 
profile for a star’s habitable zone, I can find out the best 
case scenario for the star. By ‘best case scenario’, I 
mean the situation in which a hypothetical planet 
would have the greatest opportunity for life to start and 
evolve. This has a lot to do with the planet’s orbital 
position. 

Around each star, there is an orbit of greatest 
opportunity in which the conditions are best for the 
start and evolution of life. It serves as a benchmark for 
performing comparisons. Once I know how to identify 
the orbit of greatest opportunity around any star, I can 
compare stars of different masses in terms of their best 
case potential to support life. This section examines my 
method for identifying the orbit of greatest opportunity. 

One of my ultimate goals in this chapter is to develop 
tools that will help me assess the maximum time that 
will be available on a planet for biological evolution. 
That is, for any particular kind of star, how much time 
would life have available to evolve? I am assuming that 
the best conditions for life would occur on the habitable 
planetary surface environment which is capable of 
sustaining liquid water. Two main factors influence the 
longevity of a planet’s habitable surface environment. 
They are: 
1. The amount of time that the planet resides within 

the circumstellar habitable zone 
2. The vigor and longevity of the planet’s internal heat 

engine 

A planet could reside maximally within the habitable 
zone if its orbit was anywhere between the habitable 

zone’s outer radius at zero age main sequence ( 
ZAMS 
o r  ), 

and the habitable zone’s inner radius at main sequence 

end ( 
MSE 
i r  ). Any planet orbiting within this range will 

reside in the habitable zone for approximately the same 
span of years. The difference is timing. Planets orbiting 

closer in at 
ZAMS 
o r  will start their residency as soon as 

they form. Planets farther out will have to wait their 
turn as the habitable zone slowly makes its way out to 
them. The question is, although their habitable zone 
residencies will be about the same amount of time, do 
these orbital circumstances represent equivalent 
opportunities for the maintenance of a habitable surface 
environment? I argue probably not. The reasons have to 
do with the vigor and longevity of the planet’s internal 
heat engine, and the problems with coldstarting 
planets. 

I reason here that a terrestrial planet’s innate potential 
to produce and sustain liquid surface water is at its 
prime at the beginning of its life and becomes less 
effective later on. 

While residing in the habitable zone, liquid surface 
water is possible on a planet in part because of the 
following: 
1. First you need a source of water. Volcanic 

outgassing releases water vapor into the 
atmosphere, which condenses and falls as rain. The 
rate and duration at which this happens depends 
on how vigorous the planet’s internal heat engine is. 
The more vigorous and longlived the planet’s 
internal heat engine, the more and longerlived 
volcanic outgassing will occur. 

2. Then you need to recycle and reemit removed 
gases. Plate tectonics and associated volcanism 
recycles atmospheric gases that unavoidably 
become solidified on the ocean floors. Recycling 
puts them back into the atmosphere which restores 
the greenhouse effect and maintains atmospheric 
pressure. These recycling activities also depend on 
the vigor and endurance of the planet’s internal 
heat engine. 

So, the planet’s internal heat engine can contribute in 
many ways to the persistence of a habitable surface 
environment. But the internal heat engine has a finite 
life. Like people, it is most vigorous in its youth and less 
so as it ages. This being the case, it is reasonable to 
consider that the greatest opportunity for the 
development and maintenance of a habitable surface 
environment probably occurs when the onset of 
habitable zone residency coincides with the start of the 
planet’s internal heat engine. 

Another issue along these lines has to do with the 
problems posed by coldstarting a planet. A warm start 
happens when the planet starts out in the habitable 
zone at zero age main sequence. A cold start is when 
the planet starts out beyond the original habitable zone 
and is later overtaken by it as the habitable zone 
migrates outward.
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Kasting, Whitmire and Reynolds (1993), Kasting (1996), 
and Whitmire and Reynolds (1996) explored this 
question in detail. Their models suggested that despite 
the encroachment of the habitable zone, cold start 
planets might resist the star’s increased warming 
efforts. This is because of the presence of surface ice 
and carbon dioxide clouds that increase the reflectance 
(albedo) of the planet. A cold start planet could resist 
warming far into its habitable zone residency. And this 
would reduce the total amount of time possible for the 
development and maintenance of a habitable surface 
environment. 

Based on these considerations, it seems reasonable to 
place the Orbit of Greatest Opportunity (O GO ) at the 
habitable zone’s outer boundary at ZAMS. 

ZAMS 
o GO  r Orbit = 

The whole point about habitable zones is that they 
represent a window of opportunity for the existence of 
liquid surface water and maybe life. But this 
opportunity must coincide with the planet’s innate state 
of preparedness. Although warmth from the sun does 
play a critical role in opening that window, there are 
other processes on the planet itself that influence the 
habitability of the planetary surface environment. That 
is, just because a planet resides in the habitable zone, 
there is no guarantee that it will be ‘habitable’ for any 
moment of its residency, much less the duration of its 
residency. All habitable zone residency means is that if 
the planet has any endowed potential to produce and 
support liquid surface water and life, now is the time to 
do it. But if the planet is unable to marshal the 
resources and processes that are necessary to support 
this effort, then no amount of stellar accommodation 
will make it happen. In any case, it seems that a planet 
has its greatest chances for habitable success at the 
beginning of its career. 

See chapter ??? (not in this edition) for more 
information regarding the vigor and longevity of 
planetary internal heat engines. 

5.8 Calculating the maximum amount of time in the 
habitable zone for a planet at the orbit of greatest 
opportunity 

Assuming that

ZAMS 
o GO  r Orbit = 

I need to know how much time it will take for the inner 
boundary of the habitable zone to migrate to the point 
in space originally occupied by the outer boundary of 
the habitable zone at ZAMS. Remember that since 
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which works out to be roughly 

81 . 0 • = =  MS HZT HZ  T T T 

According to this method, a planet that orbits at the 
outer boundary of the habitable zone at ZAMS (orbit of 
greatest opportunity), will reside in the habitable zone 
for about 81% of the star’s main sequence life. After this 
time the planet will lie starward (toward the planet’s 
primary star) of the migrating habitable zone and will 
face the consequences of overheating.
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And so, we have an extremely simple expression for 
comparing the best case scenarios for stars of different 
masses. 

The time that a planet spends in the habitable zone can 
constrain the amount of time available for biological 
evolution. This constraint becomes more limiting for 
planets around large stars because large stars burn out 
much faster. Planets orbiting smaller stars will have 
much longer residencies. But all is not so rosy for 
planets orbiting small stars. Remember that habitable 
zones around small stars are closer in. This closeness 
exposes the residing planets to stronger gravitational 
tugs from the star. And this can slow down the rotation 
of the planet. So, we have to consider this tidal braking 
and its effect on planets at the orbit of greatest 
opportunity. 

5.9 Considering the influence of tidal braking 

Tidal braking is the phenomenon in which a planet’s 
spin is slowed down because of gravitational forces 
between itself and the parent body. By parent body I 
mean the dominant body of an orbital system. For 
example, the Earth is the parent body in the Earth 
Moon orbital system. And the sun is the parent body to 
the planets of the solar system. 

As a planet orbits a star, gravitational forces from the 
star pull on the planet causing the planet to bulge 
slightly. If the planet has oceans, the effect is more 
obvious. Tidal forces stretch the water in the direction of 
the gravitational attraction. This causes the sea level to 
rise. The change of tides on Earth is a consequence of 
the Earth rotating through this tidal bulge. 

Rotating through a tidal bulge drains, or dissipates a 
planet’s rotational momentum (spin angular 
momentum). In other words, tidal forces act as a brake 
that can slow down a planet’s spin. And given enough 
time, tidal braking can slow planetary spin until the 
planet’s rotational period matches its orbital period. 
When this happens, the planet is tidally locked, and is 
in a synchronous orbit. 

[Note: The spin angular momentum reduced by tidal 
braking is converted into orbital angular momentum. 
So, although the planet may be rotating more slowly, it 
is moving through space at a faster pace. By moving 
faster in its orbit, the planet’s orbit will stretch outward. 
And so it goes. For now, we are going to ignore this 
complication because it probably makes little difference 
in the overall orbital circumstances of planets in the 
habitable zone.] 

When a heavenly body is in a synchronous orbit, it 
always shows the same face to the parent body. For 
example, our Moon always presents the same face to 
Earth. Standing on Earth, we never get to see the other 
side. This is because the Moon is tidally locked and its 
rate of rotation is synchronized with its rate of orbit. It 

orbits the Earth every 27.3 days and it rotates on its 
axis every 27.3 days. Other planets in our solar system 
also have moons, and over half of them are in 
synchronous orbits. But let’s get back to planets and 
stars. 

If a planet is in a synchronous orbit with its star, this 
could have grave consequences on the planetary surface 
environment. Dole (1964) suggested that a planet in 
synchronous orbit with a star might not be habitable 
because of extremely high temperatures on the light 
side and extremely cold temperatures on the dark side. 
In an extreme case, the coldness of the dark side would 
create a gas sink that would deplete the atmosphere of 
its gases. It could do this by freezing the planet’s 
atmospheric gases and depositing them as liquids or 
solids on the planetary surface. 

The situation is not so tidy. Haberle et al. (1996) 
suggest that if the planet’s atmosphere is thick enough, 
it could transport heat to the planet’s dark side. This 
could raise temperatures enough to prevent 
atmospheric freezing. And air masses emerging from the 
dark side could cool the hot light side. 

And there are other circumstances that might 
counteract the effects of tidal braking. Whitmire and 
Reynolds (1996) present the case of Mercury as an 
example. Mercury is so close to the sun that if we 
considered MercurySun tidal forces alone, we would 
expect it to be locked in a synchronous orbit. But it’s 
not. Mercury completes about 1.5 rotations for every 
orbit. This surprising situation could be because of 
Mercury’s orbital resonance  with Venus (I am not going 
to explain orbital resonance here). And speaking of 
Venus, Dobrovolskis (1980) argues that tides in its thick 
atmosphere are sufficient to inhibit tidal braking 
influences from the sun. 

Despite the presence of complicating factors, we can 
model a simple situation for planets occupying the orbit 
of greatest opportunity. Remember, I have chosen this 
orbital location to serve as the point of reference in this 
discussion. This section has demonstrated that we need 
to consider a star’s tidal braking action if we are to 
assess the maximum time for biological evolution. 
Below, I present a method for determining how long a 
planet has before it becomes tidally locked. Although 
others have pointed out that tidal locking might not be 
such a bad thing, or that a planet could avoid from this 
fate, I am assuming that tidal forces overall will prevail, 
and that synchronous orbits will severely impact the 
habitability of the planetary surface environment. 

So how much time is available? Peale (1977) examined 
this problem from the point of view of orbital position 
and derived the expression
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where 

r T is the orbital distance from the star, in centimeters 

P o is the original rotational period of the planet, in 
seconds 

T SO is the amount if time it would take for the star’s tidal 
braking to slow the planet’s rotational period to the 
point where it is synchronized with the planet’s orbital 
period, in seconds 

Q is the solid body energy dissipation function 

M is the mass of the star, in grams 

Rearranging to solve for T SO , we get 
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Since we are going to fix the orbital distance of our 
hypothetical planet at the orbit of greatest opportunity, 
then 

GO T  Orbit r = 

then we customize the equation to become 
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Now we need to establish some assumptions in order to 
work this equation. All values must be expressed in 
CGS units so we will assume that 

Orbit GO is calculated elsewhere based on the location of 
the habitable zone’s outer radius at zero age main 
sequence. To express it in centimeters multiply the 
distance in astronomical units by 1.5 x 10 8 (this is the 
number of centimeters in one astronomical unit). 

P o is 48,600 seconds (this is 13.5 hours). I selected this 
value to be consistent with Whitmire and Reynolds 
(1986). 

t will emerge as a number expressed in seconds. To 
convert to years, divide this value by 3.15 x 10 7 (This is 
the number of seconds in one year). 

Q is 100. Based upon Burns (1986) and concurrence by 
Whitmire and Reynolds (1986). 

M is the variable I am testing here. It must be entered 
into the equation in gram units. To convert solar 
masses to grams, multiply the mass in solar masses by 
2 x 10 33 (This is how many grams are in one solar mass 
unit). 

5.10 Determining the planet’s orbital period 

I want to understand how the mass of the star 
influences the orbital period of a planet at different 
orbital distances. The ‘orbital period’ is the time it takes 
a planet to complete one orbit around a star. Orbital 
period has the potential to profoundly influence the 
pace of evolution on a world. On Earth for example, 
reproductive events for most plants and animals are 
linked to the changes in the seasons (which occur 
because of the tilted planet orbiting the sun). As we will 
see later in chapter 10, the reproductive event 
represents the moment in time when living things 
introduce innovations. Robust and directional evolution 
depends on frequent and fresh supplies of innovations. 
Using the evolution of life on Earth as a model, 
innovations might appear more frequently on worlds 
where seasons cycle rapidly (worlds with short orbital 
periods). According to this thinking, we should consider 
that (all other things being equal) evolution could 
happen faster on planets with short orbital periods and 
more slowly on planets with long orbital periods. 

Let’s deal with the idea of star mass and planetary 
orbits. A star’s mass will influence the way other 
heavenly bodies move around it. Back in the year 1667, 
and while a young 25 years of age, Isaac Newton (1642 
1727) theorized that an object’s mass is responsible for 
the existence of gravitational attraction, or gravitational 
force that holds orbiting bodies in place. The inspiration 
for his thinking was his curiosity about the orbit of 
Earth’s moon. What was it that kept it from flying off 
into space? Newton reconciled his theory of gravitational 
attraction with the empirical observations of astronomer 
Tycho Brahe and Johannes Kepler ingenious geometric 
method for predicting the motions of worlds. 

There are two things that can affect the strength of the 
gravitational force between two heavenly bodies: 1) 
closeness; and 2) the amount of mass. Newton’s theory 
explains that as two heavenly bodies get closer to each 
other, the gravitational force between them gets 
stronger. He also explained that as the mass of either or 
both heavenly bodies increases, so does the 
gravitational force between them. 

Here is the problem: If gravity is pulling a star and a 
planet together, what keeps them from colliding? The 
answer is that the planet’s motion generates a force that 
opposes gravity. It’s called centrifugal force. The faster a 
planet moves in its orbit, the more centrifugal force it 
generates. So, the weapon against gravity is speed.
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This understanding helps us make a generalized 
statement regarding orbital position and orbital period. 
Planets orbiting close to the star are able to do so 
despite stronger gravitational influences because they 
travel quickly. They have a rapid tangential velocity. 
And since their orbital paths are short anyway, it takes 
less time to complete a loop. Planets farther out, move 
more slowly. They have lower tangential velocities. And 
because their orbital paths are longer, so are their 
orbital periods. 

5.11 Calculating the orbital period for a planet at the orbit of 
greatest opportunity 

The orbital period represents the time it takes for a 
planet to complete one orbit around the star. The orbital 
period gets longer as we encounter planets farther from 
the star. For simplicity, I am assuming a circular orbit. 
Using Johannes Kepler’s third law (as derived from 
Newton’s laws), the basic equation for the radius of a 
circular orbit is 

( )  2 3  P M M a  Planet Star + = 

a represents the orbital radius, or semimajor axis of 
the planet in circular orbit (in astronomical units) 

M Star represents the mass of the star (in solar masses) 

M Planet represents the mass of the planet (in solar 
masses) 

P represents the orbital period (in sidereal years, or just 
plain Earth years) 

Solving for P we get 

( ) Planet Star  M M 
a P 
+ 

= 
3 

To find the orbital period for a planet at the orbit of 
greatest opportunity, we set a in the above equation to 
be the radius of the orbit of greatest opportunity. 

5.12 Combining the above calculations into an integrated 
method for predicting best case scenarios for biological 
evolution on planets orbiting stars of different masses 

Panel 1 shows how we can combine the previously 
discussed individual steps into an integrated method for 
predicting best case scenarios for biological evolution 
near stars of different masses. Knowing only the mass 
of the star, we can develop an historical profile of the 
habitable zone that shows the original position of the 
habitable zone and how the habitable zone will migrate 
away from the star during the star’s main sequence life. 

Panel 1 does this for stars ranging in size between 0.1 
and 2 solar masses. Using the concept of the orbit of 
greatest opportunity we can quickly compare the 
potential viability of stars of different masses. 

Based on this method, stars of 0.8 solar masses have 
the longest time available for biological evolution. A 
planet at the orbit of greatest opportunity for such a 
star would reside in the habitable zone for about 20 
billion years. During this time, it would suffer only 
mildly from its star’s tidal braking influences. A planet 
in such an orbit would have an orbital period of just 
229 sidereal days. If the planet’s orbital properties 
permit seasons, then the planet would have 16 springs 
in the time Earth would have 10 springs. The more 
rapid cycle of seasons could mean more frequent 
reproductive events for organisms tied to seasonal 
cycles. This would mean faster introductions of 
innovations and perhaps a swifter pace of evolution. 

Panel 1 shows that the best case scenarios for planets 
around smaller stars become constrained by tidal 
locking influences. A planet at the orbit of greatest 
opportunity for a star of 0.1 solar mass would reside in 
the habitable zone for as long as 252 billion years (if the 
Universe lasts that long). But it must orbit so close to its 
star that it will become locked into a synchronous orbit 
in about 4 million years. 

On the other side, stars moderately larger than our own 
sun present their planets with very limited 
opportunities. For example, a planet at the orbit of 
greatest opportunity around a star of 2 solar masses 
will only reside in the habitable zone for about 600 
million years. Although there are stars much larger 
than 2 solar masses, we are ignoring them because of 
the increasingly limited time constraints they impose. 

I hope you can see the usefulness of this method. With 
it, we can quickly estimate best case scenarios and then 
use them as meaningful benchmarks for comparing the 
potential for life around stars of different masses. 

So, where does Earth fit in this story? Well, if you look 
at Panel 1 you can see that the orbit of greatest 
opportunity for a 1 solar mass star (like our sun) is at 
1.157 AU. This is slightly farther out than Earth’s orbit, 
which is at 1 AU. And what about Mars? Its orbital 
radius (semimajor axis, actually) is about 1.5 AU. Panel 
1 shows that the outer edge of the habitable zone will be 
beyond Mars at the moment of habitable zone transit. 
So, how long will Mars remain in the habitable zone? 
And finally, what about those extrasolar planets that 
astronomers have been discovering lately? 

The historical profile for a star’s habitable zone that we 
have just developed helps us compare best case 
scenarios for different stars. If we want to develop an 
historical profile for a specific planet in relation to the 
habitable zone, then we can modify the current method. 
Which is what I will show you how to do next.
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0.1  2E+32  0.000003  0.002  0.045  0.065  0.020  0.005  0.065  0.094  0.029  0.006  0.073  0.105  0.032 
0.2  4E+32  0.000003  0.007  0.079  0.114  0.035  0.014  0.114  0.165  0.050  0.018  0.129  0.185  0.057 
0.3  6E+32  0.000003  0.014  0.114  0.164  0.050  0.029  0.164  0.236  0.072  0.037  0.184  0.265  0.081 
0.4  8E+32  0.000003  0.026  0.153  0.220  0.067  0.053  0.220  0.317  0.097  0.067  0.247  0.356  0.109 
0.5  1E+33  0.000003  0.044  0.201  0.289  0.089  0.092  0.289  0.417  0.128  0.116  0.325  0.468  0.143 
0.6  1.2E+33  0.000003  0.076  0.263  0.379  0.116  0.158  0.379  0.545  0.167  0.199  0.425  0.613  0.187 
0.7  1.4E+33  0.000003  0.130  0.344  0.496  0.152  0.271  0.496  0.715  0.219  0.341  0.557  0.803  0.245 
0.8  1.6E+33  0.000003  0.246  0.473  0.681  0.208  0.511  0.681  0.981  0.300  0.644  0.765  1.102  0.337 
0.9  1.8E+33  0.000003  0.430  0.626  0.901  0.276  0.893  0.901  1.298  0.397  1.127  1.012  1.458  0.446 
1  2E+33  0.000003  0.710  0.803  1.157  0.354  1.474  1.157  1.667  0.510  1.858  1.300  1.872  0.573 

1.1  2.2E+33  0.000003  1.117  1.007  1.451  0.444  2.317  1.451  2.091  0.640  2.922  1.630  2.348  0.718 
1.2  2.4E+33  0.000003  1.688  1.239  1.785  0.546  3.503  1.785  2.571  0.786  4.418  2.004  2.887  0.883 
1.3  2.6E+33  0.000003  2.469  1.498  2.158  0.660  5.124  2.158  3.109  0.951  6.461  2.424  3.492  1.068 
1.4  2.8E+33  0.000003  3.510  1.786  2.574  0.787  7.286  2.574  3.708  1.134  9.187  2.890  4.164  1.273 
1.5  3E+33  0.000003  4.872  2.105  3.032  0.927  10.111  3.032  4.368  1.336  12.750  3.405  4.905  1.500 
1.6  3.2E+33  0.000003  6.620  2.453  3.534  1.081  13.739  3.534  5.091  1.557  17.324  3.969  5.717  1.749 
1.7  3.4E+33  0.000003  8.829  2.833  4.081  1.248  18.323  4.081  5.880  1.798  23.106  4.583  6.603  2.020 
1.8  3.6E+33  0.000003  11.583  3.245  4.675  1.430  24.039  4.675  6.735  2.060  30.313  5.250  7.563  2.313 
1.9  3.8E+33  0.000003  14.974  3.690  5.315  1.626  31.078  5.315  7.658  2.342  39.189  5.969  8.599  2.630 
2  4E+33  0.000003  19.105  4.168  6.004  1.836  39.652  6.004  8.650  2.646  50.001  6.742  9.713  2.971 
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Panel 1. A method for comparing the best case scenarios for habitable zones around stars of different masses.
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(AU)  (cm) 
(sidereal 
years) 

(sidereal 
days) 

Maximum time 
star will be in 
main sequence 

stage 
(Gyr) 

Time to 
habitable zone 
transit = max. 

time in habitable 
zone for planet 

at OGO 
(Gyr) 

Original 
rotational 
peroid of 

planet (sec)  (sec)  (Gyr)) 

Maximum time 
for biological 
evolution (Gyr) 

0.065  9.76E+11  0.053  19.179  316.228  252.982  48,600  1.15E+14  0.004  0.004 
0.114  1.72E+12  0.087  31.634  204.441  163.553  48,600  8.51E+14  0.027  0.027 
0.164  2.45E+12  0.121  44.131  150.133  120.107  48,600  3.22E+15  0.102  0.102 
0.220  3.30E+12  0.163  59.552  110.813  88.651  48,600  1.07E+16  0.339  0.339 
0.289  4.34E+12  0.220  80.399  80.000  64.000  48,600  3.55E+16  1.127  1.127 
0.379  5.68E+12  0.301  109.852  56.071  44.857  48,600  1.24E+17  3.929  3.929 
0.496  7.44E+12  0.418  152.559  38.096  30.477  48,600  4.60E+17  14.614  14.614 
0.681  1.02E+13  0.629  229.636  25.105  20.084  48,600  2.36E+18  75.017  20.084 
0.901  1.35E+13  0.902  329.378  14.845  11.876  48,600  1.00E+19  317.524  11.876 
1.157  1.74E+13  1.245  454.806  10.000  8.000  48,600  3.64E+19  1,154.265  8.000 
1.451  2.18E+13  1.667  608.964  6.995  5.596  48,600  1.17E+20  3,709.932  5.596 
1.785  2.68E+13  2.176  794.912  5.047  4.038  48,600  3.39E+20  10,771.492  4.038 
2.158  3.24E+13  2.781  1015.730  3.739  2.991  48,600  9.05E+20  28,715.188  2.991 
2.574  3.86E+13  3.489  1274.511  2.832  2.265  48,600  2.24E+21  71,182.630  2.265 
3.032  4.55E+13  4.310  1574.368  2.186  1.749  48,600  5.22E+21  165,738.543  1.749 
3.534  5.30E+13  5.252  1918.422  1.716  1.373  48,600  1.15E+22  365,405.752  1.373 
4.081  6.12E+13  6.324  2309.811  1.367  1.094  48,600  2.42E+22  767,900.374  1.094 
4.675  7.01E+13  7.534  2751.685  1.103  0.883  48,600  4.87E+22  1,546,656.175  0.883 
5.315  7.97E+13  8.890  3247.205  0.901  0.721  48,600  9.45E+22  2,999,419.455  0.721 
6.004  9.01E+13  10.403  3799.541  0.743  0.595  48,600  1.77E+23  5,622,416.822  0.595 
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5.13 Developing an historical profile for individual planets, 
in relation to the habitable zone 

If we want to understand the historical profile of an 
individual planet in relation to its star’s habitable zone, 
we must perform the following steps: 
1) Determine the historical profile of the habitable 

zone for the star (like we did above). 
2) Determine what start region the planet occupies in 

relation to the historical profile of the habitable zone 
(explained below). 

3) Determine how much time the planet will spend in 
the habitable zone (explained below). The 
calculations necessary for making this 
determination will depend on which start region the 
planet occupies. 

Once we have developed the historical profile for the 
habitable zone around a star, we can then overlay 
information for specific planets orbiting the star. The 
planets can be real or imagined. The method I will 
describe below requires us to use the habitable zone’s 
historical profile in a slightly different way. 

See figure 2 above. For this method, we need to 
consider the orbital location of the planet in relation to 
one of the star’s following start regions: 1)Hot nonstart; 
2) warm start; 3) Inner cold start; 4) outer cold start; 
and 5) cold nonstart. 

The hot nonstart region is the region in space that lies 
starward to the habitable zone at zero age main 
sequence. It will always be too hot for the presence of 
liquid surface water. So, if we are considering a planet 
within this region, then it will be a very poor candidate 
for liquid surface water and life. 

The warm start region lies between the habitable zone’s 

inner radius ( 
ZAMS 
i r  ) and outer radius ( 

ZAMS 
o r  ) at zero 

age main sequence. The warm start region is the same 
space spanned by the habitable zone at zero age main 
sequence. Planets in this region will start out in the 
habitable zone. I have already discussed the reasons 
why warm start planets are better candidates for the 
development of life than cold start planets. 

I have broken the cold start region into two sub regions 
for reasons that will become clear later on. 

The inner cold start region lies between the habitable 

zone’s outer radius at zero age main sequence ( 
ZAMS 
o r 

)and the habitable zone’s inner radius at main sequence 

end ( 
MSE 
i r  .). The inner cold start region is a narrow 

band just beyond the warm start region. Planets 

residing in this region will start out cold. Later, the 
habitable zone will overtake them. And later still, the 
habitable zone will move on beyond them, leaving them 
to overheat. 

The outer cold start region lies beyond the inner cold 
start region. The outer cold start region is the same 
space occupied by the habitable zone at main sequence 
end. It lies between the habitable zone’s inner radius 

( 
MSE 
i r  ) and outer radius ( 

MSE 
o r  ) at main sequence end. 

Planets in this region also start out cold, then are later 
warmed up by the migrating habitable zone. But the 
star’s main sequence stage will end before the inner 
boundary of the habitable zone reaches any planets in 
this region. 

The cold nonstart region lies beyond the habitable zone 
at main sequence end. Planets in this region will never 
be touched by enough stellar warmth to melt the frozen 
water they might possess. 

Once we know in what start region the planet resides, 
we can estimate the length of time it will spend in the 
habitable zone. 

Estimating habitable zone residency for planets in the 
warm start region 

Planets in the warm start region begin their ‘lives’ in the 
habitable zone. They will remain in the habitable zone 
until the habitable zone’s inner boundary (r i ) migrates 
past them. We will designate this amount of time as Ti . 
So for warm start planets, the time in the habitable 
zone is equal to the time it takes the habitable zone 
inner boundary to reach them, or 

i 

start 
warm 
HZ  T T = 

We will modify Fogg’s (1992) expression adapted from 
Gough (1981) to help us find T i . 
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We should have calculated T MS (time in main sequence) 
and L ZAMS (luminosity at zero age main sequence) earlier 
when developing the historical profile for the star’s 
habitable zone. What we don’t know right now is the 
star’s luminosity at the point in time when the inner 
boundary of the habitable zone reaches the planet. But 
we can find out by using 

1 . 1 
T 

i 
L r = 

We use 1.1 as the flux factor marking the inner 
boundary of the habitable zone. Solving for L T , we get 

( ) 1 . 1 2
i T  r L = 

Now we use this expression for L T to modify our 
previous equation to get the following equation for 
determining the warm start planet’s time of residence in 
the habitable zone. 
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We then use the planet’s orbital radius, or semimajor 
axis (a) for r i . 

Estimating habitable zone residency for planets in 
the inner cold start region 

Planets in the inner cold start region begin their 
habitable zone residency once the habitable zone’s outer 
boundary (r o ) reaches out to them. They remain in the 
habitable zone until the habitable zone’s inner 
boundary (r o ) passes them by. So their time in the 
habitable zone is the time it takes for the habitable zone 
inner boundary to reach them minus the time it took 
the outer boundary to reach them, or 

o i 

start 
cold 
inner 
HZ  T T T − = 

We will use the same expression already derived for Ti , 
shown again as 
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We can modify our equation for T i to get an equation for 
T o by simply changing the flux constant to reflect 
conditions at the outer boundary of the habitable zone. 
So, instead of an inner boundary flux of 1.1, we use an 
outer boundary (r o ) flux of 0.53 and our expression for 
T o becomes 
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We then substitute the planet’s orbital radius, or semi 
major axis (a) for r i and r o and subtract T o from T i to 
get our estimate of the amount of time a planet in the 
inner cold start region will spend in the habitable zone. 

Estimating habitable zone residency for planets in 
the outer cold start region 

Planets in the outer cold start region eventually will 
reside in the habitable zone as the habitable zone’s 
outer boundary migrates out to them. But since this will 
happen so late in the game, the habitable zone’s inner 
boundary will never reach them. The star’s main 
sequence stage will end first. So, the time that outer 
cold start planets will reside in the habitable zone is 
equal to the time the star will be in main sequence stage 
minus the time it takes for the habitable zone’s outer 
boundary to reach them, or 

o MS 

start 
cold 
outer 
HZ  T T T − = 

Again, we use the following equation to estimate how 
much time will pass before the habitable zone’s outer 
boundary reaches the planet. 
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For the planet in question, we use its orbital radius, or 
semimajor axis (a) for r o .
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Mass of 
Star 

Name of Star 
(Solar 
mass) 

Luminosity of 
star at zero age 
main sequence 

(in solar 
luminosities, L) 

Inner 
radius 
(AU) 

Outer 
radius 
(AU) 

Luminosity of 
star at habitable 
zone transit 
(in solar 

luminosities, L) 

Inner 
radius 
(AU) 

Outer 
radius 
(AU) 

Luminosity of star 
at main sequence 

end 
(in solar 

luminosities, L) 

Inner 
radius 
(AU) 

Outer 
radius 
(AU)  Name of planet 

Hot NonStart Planets 
Sun  1  0.710  0.803  1.157  1.474  1.157  1.667  1.858  1.300  1.872  Mercury 
Sun  1  0.710  0.803  1.157  1.474  1.157  1.667  1.858  1.300  1.872  Venus 
51 Pegasi  0.95  0.556  0.711  1.025  1.155  1.025  1.476  1.456  1.151  1.658  51 Pegasi b 
Rho Coronae Borealis  1  0.710  0.803  1.157  1.474  1.157  1.667  1.858  1.300  1.872  Rho Coronae Borealis b 
Tau Bootis A  1.2  1.688  1.239  1.785  3.503  1.785  2.571  4.418  2.004  2.887  Tau Bootis A b 
70 Virginis  0.9  0.430  0.626  0.901  0.893  0.901  1.298  1.127  1.012  1.458  70 Virginis b 

Warm Start Planets 
Sun  1  0.710  0.803  1.157  1.474  1.157  1.667  1.858  1.300  1.872  Earth 

Inner Cold Start Planets 
Imaginary star  0.9  0.430  0.626  0.901  0.893  0.901  1.298  1.127  1.012  1.458  Imaginary Planet 

Outer Cold Start Planets 
Sun  1  0.710  0.803  1.157  1.474  1.157  1.667  1.858  1.300  1.872  Mars 
47 Ursae Majoris  1.1  1.117  1.007  1.451  2.317  1.451  2.091  2.922  1.630  2.348  47 Ursae Majoris b 

Cold NonStart Planets 
Sun  1  0.710  0.803  1.157  1.474  1.157  1.667  1.858  1.300  1.872  Jupiter 
Sun  1  0.710  0.803  1.157  1.474  1.157  1.667  1.858  1.300  1.872  Saturn 
Sun  1  0.710  0.803  1.157  1.474  1.157  1.667  1.858  1.300  1.872  Uranus 
Sun  1  0.710  0.803  1.157  1.474  1.157  1.667  1.858  1.300  1.872  Neptune 
Sun  1  0.710  0.803  1.157  1.474  1.157  1.667  1.858  1.300  1.872  Pluto 

Habitable zone 
at zero age main 

sequence 
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n = 4.75for stars 0.7 2M O 

n = 3.75(M/M O ) + 2.125for stars 0.1 0.7M O 

Panel 2. A method for predicting the historical profile of a 
planet in relation to its star's habitable zone
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Orbit of 
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} 
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Hot 
NonStart 

Warm 
Start  Cold Start 

In
ne
r  Outer  Cold 

NonStart 

(Jupiter 
masses) 

(solar 
masses) 

Planet's orbital 
radius / semi 
major axis (AU) 

(sidereal 
years) 

(sidereal 
days) 

Start region 
occupied by 

planet 

Maximum time star 
will be in main 
sequence stage 

(Gyr) 

Time before inner 
radius of habitable 
zone reaches 

planet 
(Gyr) 

Time before outer 
radius of habitable 
zone reaches 

planet 
(Gyr) 

Maximum time the 
planet will reside in 
the habitable zone 

(Gyr) 

0.000174  1.66E07  0.387  0.241  87.934  Hot nonstart  10.00  NA  NA  NA 
0.00256  2.44E06  0.723  0.615  224.542  Hot nonstart  10.00  NA  NA  NA 

0.47  0.0004489  0.05  0.011  4.189  Hot nonstart  12.12  NA  NA  NA 
1.5  0.0014325  0.23  0.110  40.260  Hot nonstart  10.00  NA  NA  NA 
3.87  0.0036959  0.0462  0.009  3.306  Hot nonstart  5.05  NA  NA  NA 
6.6  0.006303  0.43  0.296  108.182  Hot nonstart  14.85  NA  NA  NA 

0.00315  3.01E06  1  1.000  365.249  Warm start  10.00  5.53  NA  5.53 

0.00315  3.01E06  0.95  0.976  356.495  Inner cold start  14.85  13.35  2.82  10.54 

0.000338  3.23E07  1.52  1.874  684.472  Outer cold start  10.00  12.36  6.52  3.48 
2.8  0.002674  2.11  2.919  1066.081  Outer cold start  6.99  9.66  5.79  1.20 

1  9.55E04  5.2  11.852  4329.004  Cold nonstart  10.00  27.73  23.54  NA 
0.299  2.86E04  9.54  29.462  10760.954  Cold nonstart  10.00  34.26  30.39  NA 
0.0457  4.36E05  19.2  84.128  30727.879  Cold nonstart  10.00  41.31  37.69  NA 
0.054  5.16E05  30  164.313  60015.152  Cold nonstart  10.00  45.61  42.11  NA 

7.16E06  6.84E09  39.5  248.254  90674.646  Cold nonstart  10.00  48.19  44.75  NA 

Orbital period for planet Mass of planet 

Planet M  P  MS T  i T  o T  HZ T a



76 Chapter 5 

Copyright© 1999 by Tom E. Morris. http://www.planetarybiology.com 

This DRAFT document is an excerpt from Principles of Planetary Biology, by Tom E. Morris. 

5.14 Combining the above calculations into an integrated 
method for predicting the historical profile of a planet 
in relation to its star’s habitable zone 

Panel 2 shows how we can combine the individual 
calculations presented above into an integrated method 
for predicting a planet’s chances for habitable zone 
residency. Notice that the first step is to establish the 
star’s habitable zone profile. These are the same initial 
steps we took in the method for determining best case 
scenarios for stars of different masses. 

Once the star’s habitable zone profile is set, then we can 
overlay onto that profile information regarding a 
planet’s orbital radius (or semimajor axis). The planet’s 
orbital radius will tell us in which start region the planet 
belongs. After calculating the star’s time in main 
sequence and luminosity at zero age main sequence, we 
can then determine how long it will take for the 
habitable zone’s inner and/or outer boundaries to 
intersect the planet. Remember that the final 
calculations for predicting the amount of time that a 
planet spends in the habitable zone is different for each 
start region. 

In order to demonstrate this method, I have calculated 
and presented in Panel 2 the possible habitable zone 
residencies for all of the planets in our solar system. In 
addition, I wanted to know about the prospects for 
newly discovered extrasolar planets including: 51 Pegasi 
(Mayor and Queloz, 1995), rho Coronae Borealis (Noyes 
et al., 1997), Tau Bootis A (Butler et al., 1997), 70 
Virginis (Marcy and Butler, 1996), and 47 Ursae Majoris 
(Marcy and Butler, 1996). Finally, I included an 
imaginary planet of my own mainly because I needed a 
way to demonstrate how the method works with planets 
in the inner cold start region. 

Looking at the planets of the solar system, the only 
planets that will have a chance at the habitable zone 
are Earth and Mars. Earth started out in it and will stay 
in the habitable zone for about 5.5 billion years. This 
means that in about one billion years the habitable 
zone will move outward beyond Earth. Meanwhile Mars 
resides in the outer cold start region and awaits its 
moment in the sun. And what a wait it is. The habitable 
zone’s outer boundary will reach Mars about 6.5 billion 
years after the start of the solar system. Since the solar 
system is about 4.5 billion years old, Mars will not get 
its chance for about two billion more years. 

But other planets in system will get no chance at all. 
For example, Mercury and Venus occupy the hot non 
start region. And Jupiter, Saturn, Uranus, Neptune and 
Pluto sweep through the cold nonstart region. For 
these planets, it always will be either too hot or too cold 
for liquid water on their surfaces. 

Turning to extrasolar planets, the only candidate (of the 
ones I considered) for habitable zone residency is the 
companion to 47 Ursae Majoris (designated as 47 Ursae 
Majoris b). Its orbit is in the outer cold start region. 
According to this method, the planet started out in the 
cold space beyond the habitable zone. But the outer 
boundary of the habitable zone will reach this planet 
after about 5.8 billion years of waiting. But since its 
star’s main sequence stage will end after about seven 
billion years, this planet will occupy the habitable zone 
for a little more than one billion years. 

Despite the planet 47 Ursae Majoris b’s somewhat 
favorable positioning relative to the oncoming habitable 
zone, this planet probably would be a poor candidate for 
life. This is because it is probably a gas giant nearly 
three times the size of Jupiter. Gas giants, regardless of 
their relationship to the habitable zone, don’t have the 
equitable mix of environmental surface conditions that 
we might find on terrestrialtype planets like Earth or 
Mars. In other words, it is hard to imagine the 
emergence of a thriving biota on such a world. However, 
such a planet could have many terrestrialtype moons, 
and sizeable ones at that. Like their parent planet, the 
moons eventually will be engulfed by the habitable zone 
of 47 Ursae Majoris. Obviously, there is great interest in 
the potential of such a happening. 

Regarding the other extrasolar planets I considered here 
in my demonstration, they all are residents of their own 
star’s hot nonstart region. And they all are giant 
planets, probably gas giants like Jupiter – meaning they 
are poor candidates as harbors for life. They could have 
moons but the prospect of life on such moons seems 
small since the moons are starting out in the hot non 
start region along with their parent planets. 

In conclusion, the value of this method is that it 
formalizes and systematizes a way to readily predict a 
planet’s historical relationship with its star’s habitable 
zone. This method will help us to quickly and uniformly 
assess a planet’s opportunity to support life and 
biological evolution – on a first pass basis. The ability to 
do this is becoming increasingly more meaningful as 
astronomers discover more and more extrasolar 
planets.
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5.15 A method for assessing a planet’s risk of impact from 
comets and asteroids 

The purpose of this section is to try to find out what set 
of circumstances increases or decreases a planet’s risk 
of collisions with comets or asteroids. 

It is important to consider the risk from comets and 
asteroids because impacts can utterly disrupt planetary 
surface environments. Since life overall is a building 
phenomenon that benefits from a conservative and 
stable environment, frequent asteroid or comet impacts 
could slow or eliminate biological evolution. Even if the 
chance of collision is small, comet and asteroid 
collisions remain low probability high impact events 
that can have important consequences to a planet’s 
surface environment and everything alive in it. Chapter 
?? discusses in greater detail how collisions can harm 
the planetary surface environment. 

Figure 7. Drawing of an imaginary asteroid strike. By Don Davis. 

I want to foreshadow a bit here on the role of impacts 
and biological evolution on Earth. It may be that 
occasional impacts by comets and asteroids have 
profoundly influenced the pace and direction of 
biological evolution on Earth. The most famous example 
is the widening acceptance that the great dinosaur 
extinction was triggered by a large impact 65 million 
years ago. Although mass extinctions certainly are not a 
good thing for the species that go extinct, afterwards 
they result in ecological opportunity for the surviving 
species. Mass extinctions on Earth often were followed 
by a flourish of new species and adaptations. As a 
result, a moderate amount of impacts actually could 
expedite life’s longterm colonization of the planet, 
further elevating and cementing life’s stature as a 
planetchanging force. See chapter ??? for more details. 

Threat sources and regional threat zones in our solar 
system 

The planets in our solar system are threatened by 
planetcrossing comets and planetcrossing asteroids. 
Since we have little or no information regarding the 
state of these two kinds of threats for other stellar 
systems, I will use our solar system as the definitive 
model. 

In our solar system, comets are primarily small icy 
bodies ranging in size from about 1 to 20 kilometers 
(0.6 to 12 miles) in diameter. Current theory holds that 
these icy bodies originally formed in the outer solar 
system at the same time as the outer planets (Jupiter, 
Saturn, Uranus, Neptune, and Pluto) and in the same 
vicinity. Then, close encounters with the massive 
planets of the outer system summarily ejected these 
minor ice bodies out of planetary space. 

Astronomer Jan Oort theorized that there is a vast 
reservoir of comets way beyond the orbit of Pluto. The 
comets surround the solar system forming the socalled 
Oort cloud. The Oort cloud idea suggests that comets 
could reside in a spherical region stretching from 
10,000 to 100,000 astronomical units from the Sun. 
This is far, considering that the outermost planet, Pluto, 
orbits only as far as 39 AU. The Oort cloud theory 
suggests that there could be as many as 200 billion 
comets out there. Please note that astronomers are not 
in total agreement regarding the reasonableness of the 
Oort cloud theory. A competing idea suggests that the 
main comet reservoir is just beyond the orbit of 
Neptune. Regardless of the location of the reservoir, as 
long as the comets stay in the reservoir, they present no 
threat. But occasionally comets leave the reservoir and 
head for the sun. Astronomers have identified about 
800 comets and continue to discover about 10 new 
comets each year. 

When comets leave home and enter planetary space, 
they follow an extremely large elliptical orbital path. 
This orbital path often takes the comet near the sun 
(some get closer than Mercury’s orbit while others get 
no closer than Mars) then sends the comet back out 
again. Comets can approach the Sun from a variety of 
angles that may differ sharply from the planetary orbital 
plane. Comets that come in at steep angles, are more 
likely to avoid the gravitational influences of the large 
outer planets. For example, the Great comet of 1861 
approached at an angle of 85 degrees (Lang, 1992). 
That’s nearly perpendicular to the orbital plain. Such 
comets may threaten only the inner planets and not the 
outer planets. However most short period comets have 
more modest angles of attack, with average inclinations 
relative to the orbital plain of about 18°. When comets 
enter planetary space at such shallow angles they risk 
colliding with any one of all nine planets. The point is 
that it seems that most comets present a general threat 
to all planets in the solar system.
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Figure 8. Threat zones.
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In addition to comets, asteroids also threaten planets 
with collisions. The asteroids of the solar system orbit 
the sun in a moreorless circular orbit between Mars 
and Jupiter – the asteroid belt (fig. 4). Unlike the icy 
comets, the asteroids are rocky objects. They range in 
size from small rock fragments to large rocky bodies one 
thousand kilometers (620 miles) in diameter. There are 
about 20,000 asteroids a half mile to a mile in diameter 
in the asteroid belt. 

Astronomers reason that the asteroid belt is all that 
remains of a wouldbe planet. The asteroid belt orbits at 
just about the place we would expect to find a planet, 
according to the principle of planetary spacing first 
proposed in 1766 by Johann Tittius, then later by 
Johann Bode in 1772. The principle, now known as 
Bode’s law, observes that the planets of the solar 
system are spaced in a predictable pattern. So, why 
does this orbital channel have a circling rock garden 
instead of a planet? 

Remember that Jupiter is the next planet beyond the 
asteroid belt. It is the most massive planet in the solar 
system, and exerts tremendous gravitational influence 
on anything that gets near it. Astronomers argue that 
while other planets were forming in the solar system, 
this wouldbe planet could not coalesce into a discrete, 
single object because it was being constantly ripped 
apart by Jupiter’s strong gravity. As a result, no planet, 
just orbiting rocks. 

Astronomers know the orbits of about 3500 sizable 
asteroids. Of these, we know of about 120 asteroids that 
are in Earthcrossing orbits. That is, their earlier orbits 
later became modified such that they no longer run with 
the rest of the pack in the asteroid belt. There may be 
as many as 2000 Earth crossing asteroids, most of 
which are yet to be discovered. Why don’t the asteroids 
stay in the belt? 

Despite their great distance from the asteroid belt, the 
planets Jupiter and Saturn can still project their 
gravitational influence on the asteroids. For some 
asteroids, repeated and regular gravitational pushes 
and pulls sets up a sort of longterm vibration called a 
resonance. After a time, the resonant asteroid’s orbit 
departs from the circular pattern of the belt and 
becomes more and more eccentric and elliptical. 

The evolving orbital path can take the asteroid either 
out toward Jupiter and beyond, or in toward Mars and 
the other inner planets (generally). Therefore, we can 
imagine two separate planet crossing asteroid 
populations: 1) the outer population that threatens the 
outer planets but not the inner planets; and 2) the inner 
population that threatens the inner planets but not the 
outer planets. 

Given this situation, the outer planets must cope with 
their own and entirely separate regional asteroid threat. 
And the inner planets must cope with their own and 
separate regional asteroid threat. This is different from 

the comet threat which is not so neatly partitioned and 
generally affects all of the planets in the system. So how 
do planets cope with the comets and asteroids that bear 
down on them? 

Let’s think about the comet threat first. A comet will 
continue to orbit through planetary space until one of 
two things happens: 1) it collides with a planet and is 
destroyed; or 2) it has a close encounter with a planet 
and is ejected out of the system for good by a 
gravitational slingshot. In both cases, the comet is 
eliminated as a threat. In the case of the collision, there 
is a price to pay. But that price is only paid by one 
planet. The other eight planets no longer are threatened 
by that particular comet. But the next comet might 
strike a different planet. A planet that avoids a collision 
this time might get hit next. So the systemwide 
collision risk is spread out among the whole population 
of planets. The more planets, the less the individual 
planet’s collision risk for any given threat. Schools of 
fish use this same technique when swimming through 
barracuda territory. 

This same general principle applies to ejecting 
encounters. A greater number of planets provide more 
opportunities for ejecting encounters. So we can make 
the general observation that if a star system is plagued 
with the threat of comet impacts, individual planets will 
suffer less if they are part of a large population of 
planets. They will suffer more if the number of planets 
in the system is small. 

Figure 9. Comet ShoemakerLevy 9 strikes Jupiter. 

So far we have not considered planetary size and mass 
as a factor. But we should. It turns out that as 
planetary size and mass increase, the chances for 
collision also increase. So, for a given threat, Jupiter is 
more at risk than Earth simply because it’s a much 
bigger target. In addition, Jupiter’s strong gravity can 
steer more comets its way converting a near miss into a 
direct hit. But a large planet’s gravity also can eject
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more comets over a larger range of encounter distances. 
So, although Earth’s gravity might only slightly shift the 
orbit of a nearby comet passing by, Jupiter could eject 
that comet. We can now modify our observation that for 
any given collision threat, giant planets like Jupiter and 
Saturn provide additional protections to smaller planets 
by taking more than their share of hits and by ejecting 
more than their share of comets. 

These same rules apply for planets under the gun from 
asteroids, with a few modifications. Mainly, the comet 
threat is a systemwide threat, and the asteroid threat 
is a regional threat. So, a planet will receive asteroid 
protection only by the other planets within their 
regional threat zone. The planets outside the region can 
provide no protection from asteroids. 

For example, let’s imagine a star system with 10 planets 
and an asteroid belt. But the asteroid belt is placed 
such that there are only two planets in the inner threat 
zone, and eight planets in the outer threat zone. Under 
these circumstances, the two inner planets must 
together deal with all of the planet crossing asteroids in 
the inner threat zone, with no help from the outer 
planets. If the regional impact threat is about the same 
in both the inner and outer regions (that is, the planet 
crossing asteroid populations are equal), then each 
individual planet in the outer region will be struck by 
asteroids only a fourth as much as will individual 
planets in the inner region (not taking size and mass 
into consideration). So, where does this leave us? 

The picture I have presented regarding impact threats 
from comets and asteroids is very simplified. Objects 
move around a star in a complex furball that challenges 
our desire to understand things in neat packages. Still, 
we have to find some purchase if we are to see the 
essence of the problem. Otherwise we will slip back into 
the storm of infinite individual circumstance, examining 
the history and dreary detail of each raindrop while 
ignoring the reality and excitement of the storm itself. In 
short, I have tried to reveal a comprehensible way for 
nonastronomers to consider the otherwise 
overwhelming complexity inherent in this field. It will 
serve our purposes. 

The above discussion leads to several main points that I 
want to present below as a series of statements. 
1. Planet crossing bodies that originate outside the 

outermost planet generally will present a system 
wide collision threat in which the entering bodies 
could collide with any one of the planets in the 
system. Comets do this in our system. As a result, 
all the planets of the solar system share a common 
comet collision risk. 

2. Planet crossing bodies that originate between 
planets in the fashion of the solar system’s asteroid 
belt may have a tendency to accumulate as two 
distinct populations, an inner and an outer 
population. This will result in an inner threat zone 
and an outer threat zone. As a result the planets in 

the inner threat zone will share a common collision 
risk amongst themselves for this particular threat 
source. And planets in the outer threat zone also 
will share a common risk amongst themselves, but 
one that is separate from that experienced by the 
inner planets. Reductions or increases in the threat 
level in one threat zone will not affect the threat 
level in the other threat zone. 

3. Planets burdened by a common collision threat can 
reduce their individual risk if: 

· The planet in question shares the risk with many 
other planets that will take their share of hits. 

· The planet in question shares the risk with giant 
planets who will take more than their share of hits 
and will eject more of their share of planet crossing 
bodies. 

4. Giant planets provide a mixture of problems and 
benefits. On the benefit side, giant planets sweep 
up or eject planetcrossing bodies in greater 
numbers than do small planets like Earth. As a 
result, giant planets provide a great measure of 
protection for the smaller planets. Of course this 
service only happens amongst planets that 
experience a common threat. In the eventuality that 
regional threat zones exist, giant planets may 
provide no benefit to planets in another regional 
threat zone. Jupiter provides Earth with little or no 
protection from asteroid collisions, since the 
asteroids menacing Earth do not cross Jupiter’s 
path. But what of the asteroids in the first place? 

5. Giant planets actually may be the primary cause of 
an increased collision threat. They could do this by 
creating an asteroid belt. Then if that wasn’t bad 
enough, their continual gravitational influence will 
perturb the orbits of some asteroids, sending them 
into planet crossing orbits. So although giant 
planets may provide a great measure of protection 
against system wide collision threat, they may also 
cause asteroid threat in the first place. Earth enjoys 
some of Jupiter’s comet protection services but at 
the expense of increased exposure to falling rocks. 

There is great uncertainty regarding the nature and 
configuration of comets, asteroids and other threatening 
bodies in other star systems. We have absolutely no 
empirical information on them. Comets could be rare or 
they could be extremely numerous. Asteroids may or 
may not exist. Instead of just one asteroid belt, there 
could be several. So, until we find out more, it is 
reasonable to assume that planets in other star systems 
also must cope with impacts of similar kinds of 
threatening bodies.
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5.16 A note on uncertainties and inaccuracies in my method 

Please note that the numerical constants and 
mathematical expressions for the models I have 
presented in this chapter are not Universally agreed 
upon by astrophysicists and planetary scientists. They 
continue to change and refine. Nevertheless, the point 
of this chapter is not to present a model of extreme 
accuracy. Instead, the mission of the chapter is to 
present systematic methods and a set of benchmarks 
by which biologists can begin the otherwise 
overwhelming task of considering a planet’s 
astronomical circumstances. They are relevant to the 
prospects of planetary life and they can and should be 
integrated into the biologist’s cadre of concerns. While 
on my soap box let me emphasize that biologists have a 
growing responsibility to contribute to discussions in 
the expanding field of extrasolar planetology – and not 
just as biochemical or cellular consultants. Biologists 
need to be able to sit down with astronomers and 
astrophysicists as full participants in the widening 
discussion about worlds with life. 

So, what have I left out? A more realistic attempt would 
show that there are many, many other factors that 
challenge our understanding of the nearly infinite 
combination of astronomical circumstances that are 
possible for planets. For example, the methods I have 
presented here only are useful for stellar systems with a 
single star. But about half of the star systems in our 
galaxy are binary star systems – two stars instead of 
one. My approach doesn’t apply to them although I am 
not ruling out the possibility of life on worlds in binary 
systems. 

The habitable zone limits that I used were based on a 
condensed and simplified approach presented by 
Whitmire and Reynolds (1996) after much deliberation 
by Kasting, Whitmire and Reynolds (1993) and many 
others before them. These are generic habitable zone 
limits for an Earthlike planet. But the actual habitable 
zone for a different kind of planet needs to take into 
account the characteristics of the planet in question, 
such as planetary albedo, the mix of atmospheric gases, 
the atmospheric pressure, the thickness of the 
atmosphere, the presence and distribution of oceans, 
the planet’s orbital properties and much more. We will 
explore many of these phenomena in later chapters. 

I used Martyn Fogg’s graceful and simplified approach 
for the prediction of stellar luminosities and for 
estimating a star’s main sequence life span. Although 
his expressions are derived from such respected 
astrophysical authorities as Iben and Gough, my 
numerical results differ somewhat from other reported 
estimates. For example, my method predicts that the 
sun will achieve a final luminosity of about 1.9L ¤ at 
main sequence end. This differs from the more widely 
accepted and more rigorously calculated values of 2.2L ¤ 
reported by Sackman et al (1993), or 1.8 L ¤ from the 
model used by TurckChiéze et al. (1988). The main 

reason for this discrepancy is because of the 
assumption that a star of 1 solar mass will burn in 
main sequence for 10 billion years. Others estimate 
slightly longer, and maybe as long as 12 billion years. I 
do not ignore such discrepancies but I am not 
particularly bothered by them either. They are an 
inevitable consequence of the simplification and 
condensation process that was necessary during the 
production of a generic method. The result, perhaps 
crippled by oversimplification, is sufficient for my 
purpose, which is to get you into the ballpark while 
avoiding the steep learning curve taken by professional 
astrophysicists and astronomers. 

5.17 Summary and conclusions 

The main thing we want to know from all this is how 
much time is available for life to evolve on a habitable 
planet. This is an interesting question in its own right, 
but it also helps us assess life’s chances for achieving 
planetchanging stature. Life is more likely to achieve 
planetchanging stature if it has more time to evolve. 
According to the methods here, we must consider the 
tradeoff between star life and tidal braking forces. Small 
stars burn longer but since they also are cooler, 
habitable planets must orbit closer to them to receive 
the benefit of their heat. The closer a planet orbits its 
star, the quicker tidal braking forces will lock the planet 
into a synchronous orbit, and this could be a bad thing. 
On the other hand, habitable planets orbiting large 
stars do so at greater distances because large stars 
burn hotter. This places the habitable planets beyond 
the star’s tidal braking influence. But the benefit is 
shortlived since large stars burn out quickly. 

We had to do some preliminary figuring in order to 
build up to these answers. This chapter presents two 
mathematical and systematic methods for doing this, 
inputting only the star mass, the orbital radius of the 
planet and the initial rotational period of the planet. 
These methods are shown in panels 1 and 2. I will 
summarize the essential results below. 

5.17.1 Life would have the most time for evolution 
on mediumsized planets 

Planets at the orbit of greatest opportunity (OGO) 
around stars of 0.8 solar mass experience the optimum 
mix of stellar longevity and freedom from tidal braking. 
There could be as much as 20 billion years for biological 
evolution on such a planet. Biological evolution on 
planets at the OGO for 0.1 M ¤ stars is constrained by 
tidal braking which locks the planet after only about 4 
million years. And planets at the OGO around stars of 2 
M ¤ will only have a quick glimpse of pleasantness since 
their star’s will burn out after about 600 million years.
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For comparison, Earth orbits somewhat inside the OGO 
of the sun. Our estimated habitable zone residency will 
be about 6 billion years or so. That gives us 1.5 billion 
more years. 

5.17.2 A system of many planets could reduce each 
planet’s impact risk 

It is probably a good thing if a lifebearing world has 
many other planets in its stellar system. This is mainly 
because the other planets can help protect the 
habitable world from comet and asteroid impacts. Large 
planets can be a good thing because they take more 
than their share of impacts and eject more than their 
share of threatening bodies. But the tidal forces of a 
large planet could also create an asteroid belt (or two) in 
the first place. And a giant’s continued tidal influence 
on the resulting belt could create planetcrossing 
asteroids. Too much of this would be a bad thing. In the 
case of a single asteroid belt, the asteroid belt would 
divide the stellar system into two regional threat zones, 
occupied by two distinct populations of asteroids. The 
planets in each threat zone must deal with the asteroid 
threat in there zone and will receive no help from 
planets outside their threat zone. 

This chapter presents a great deal of astronomy for a 
biologist to digest. And this is the short version. I 
encourage biologists to adopt the notion that life and its 
biological processes occur in the context of the extended 
environment. By extended environment, I mean beyond 
the confines of the planet alone, not just in a canyon 
ecosystem or the Amazon Rain Forest. If we are to fully 
comprehend the state of our present biological and 
ecological circumstances, we must know the nature of 
the environment in which this drama occurs. I believe 
that it is less than satisfactory for biologists at large to 
ignore the recent breathtaking accomplishments of 
astronomy and planetary science. But I also deeply 
sympathize with biologists who, if their experience is 
like mine, are overwhelmed by the astronomical 
literature. Out of this growing mountain of knowledge 
and differential equations, what is important to me, the 
biologist? That is my job – to make this stuff more 
accessible and usable to biologists who are curious 
about life from a planetary and astronomical 
perspective. 

5.18 References 

BöhmVitense, Erika (1992). Introduction to Stellar 
Astrophysics. Cambridge University Press, Cambridge. 

Burns, J. A. (1986). The evolution of satellite orbits. In: 
Burns, J. A.; and Matthews, M. S. (eds.), Satellites 117 
158. University of Arizona Press, Tuscon. 

Butler, R. Paul; Marcy, Geoffrey W.; Williams, Eric; 
Hauser, Heather; and Shirts, Phil (1997). Three new 
“51Pegasitype” planets. Astrophysical Journal Letters 
464: L153. 

Davis, Wanda; Doyle, Laurance R.; Backman, Dana; 
McKay, Christopher (1991). The habability of Marslike 
planets around main sequence stars. In: Proceedings of 
the Third International Symposium on Bioastronomy, 
Bioastronomy: The Search for Extraterrestrial LifeThe 
Exploration Broadens, SpringerVerlag, Berlin, 5561. 

Dobrovolskis, A. (1980). Atmospheric tides and the 
rotation of Venus. II. Spin evolution. Icarus 41: 1835. 

Fogg, Martyn J., (1992). An estimate of the prevalence 
of biocompatible and habitable planets. Journal of the 
British Interplanetary Society, 45: 312. 

Gough, D.O. (1981). Solar interior structure and 
luminosity variations. Solar Phys. 74: 2134. 

Huang, S.S. (1959). Occurrence of Life in the Universe. 
American Scientist 47:397402. 

Haberle, Robert; McKay, Christopher; Tyler, Daniel; 
Reynolds, Ray (1996). Can synchronously rotating 
planets support an atmosphere? In: Doyle, Laurence 
(ed.). Circumstellar Habitable Zones, 117142. Travis 
House Publications, Menlo Park. 

Iben, Icko, (1967). Stellar evolution within and off the 
main sequence. Annual Review of Astronomy and 
Astrophysics 5: 571626. 

Kasting, James; Whitmire, Daniel; and Reynolds, Ray 
(1993). Habitable zones around main sequence stars. 
Icarus 101: 108128. 

Kasting, James F. (1996). Habitable zones around stars: 
An update. In: Doyle, Laurence (ed.). Circumstellar 
Habitable Zones, 117142. Travis House Publications, 
Menlo Park. 

Lang, Kenneth (1992). Astrophysical Data: Planets and 
Stars. SpringerVerlag, New York. 

Marcy, Geoffrey W., and Butler, R. Paul, (1996). A 
planetary companion to 70 Virginis. Astrophysical 
Journal Letters, 464: L147. 

Marcy, Geoffrey W., and Butler, R. Paul, (1996). A 
planet orbiting 47 Uma. Astrophysical Journal Letters, 
464: L153.



Astronomical Circumstances 83 
Copyright© 1999 by Tom E. Morris. http://www.planetarybiology.com 

This DRAFT document is an excerpt from Principles of Planetary Biology, by Tom E. Morris. 
Mayor, Michaeil, and Queloz, Didier (1995). A Jupiter 
mass companion to a solartype star. Nature 378: 355. 

Noyes R., Jha S., Korzennik S., Krockenberger M., 
Nisenson P., Brown T., Kennelly E & Horner S., (1997). 
A planet orbiting the star Rho Corona Borealis. 
Astrophysical Journal Letters. 483: L111. 

Pepin, Robert O. (1994). Evolution of the Martian 
Atmosphere. Icarus 111: 289304 

Sackmann, Julia; Boothroyd, Arnold; Kraemer, 
Kathleen (1993). Our sun. III. Present and future. The 
Astrophysical Journal 418: 457468. 

Sheehan, William (1996). The Planet Mars: A History of 
Observation and Discovery. The Univerity of Arizona 
Press, Tuscon. 

TurckChiéze, S., Cahen, S., Caase, M., Doom, C. 
(1988). Revisiting the standard solar model. 
Astrophysical Journal 335:415424. 

Whitmire, Daniel; Reynolds, Ray, (1996). Circumstellar 
habitable zones: astronomical considerations. In: Doyle, 
Laurence (ed.). Circumstellar Habitable Zones, 117142. 
Travis House Publications, Menlo Park.


