Linked from "Appendix C" inWhy the Universe Is the Way It Is

Part 2. Fine-Tuning for Intelligent Physical Life

by Hugh Ross

© Reasons To 8ieve, 2008

Evidence for the FineTuning of the Galaxy-Sun-Earth-Moon System for Life Siypport

The environmentalequirements for life to exist depend on the life form in question. The-cond
tions for primitive life to exist, for example, are not nearly so demanding as for advancAdifige.
form's activity level and longevity also make a significant differenceerthese variables, I've idént
fied six distinct clusters of these environmental necessities, frobrdlaeest to the narrowest:

for unicellular, low metabolism life that persists for only a brief time period
for unicellular, low metabolism life that pssts for a long timegsiod

for unicellular, high metabolism life that persists for a brief tiragogl

for unicellular, high metabolism life that persists for a long tireréop

for advanced life that survives for just a brief tineeiqd

for advancedife that survives for a long timeepod

2 A

Complicating factorgxisthowever For exampleunicellular, low metabolism life (extresphile
life) is typically moresusceptiblgo radiation damage and has a low molecular repair Tates, he oi-
gin of life problem is far more difficult for low metabolism life (H. James Cleaves Il and John lh-Cha
bers, O&remophiles May Be Irrelevant to the Origin of Lifé§trobiology, 42004), pp. 19). The fd-
lowing parameters of a planet, its planetary companions\dts, its star, and its galaxy must have
values falling within narrowly defined ranges for physical life of any kind to exist. Referentms fioe
list.

1. galaxy cluster type
if too rich: galaxy collisions and mergers would disrugasorbit
if too spase: insufficient infision of gas to sustain star formation for a long enough time

2. galaxy size
if too large: infusion of gas and stars would disturb sunOs orbit and ignite too many galactic
eruptions.
if too small: insufficient infision of gas to sustainastformation for long enough time.

3. galaxy type
if too elliptical: star formation would cease before sufficient heavy elementpifdr life
chemeétry.

if too irregular: radiation exposure on occasion would be too severe and heavy elements for life

chemstry would not be available.

4. galaxy mass distribution
if too much in the central bulge: |Hsupportable planet will bexposed to too much raation.



o1

10.

11.

12.

13.

14.

if too much in the spiral arms: Ifsupportable planet will beedtabliized by the gravity and
radiation from adjacent spiral arms.

galaxy location
if too close to a rich galaxy cluster: galaxy would be gravitationa#iygdied
if too close to very large galaxy(ies): galaxy would be gravitationafiypied.
if too far away from dwarf galaxies: insuffegit infall of gas and dust to sustain ongoing star
formation

decay rate of cold dark matter particles
if too small: too few dwarf spheroidal galaxies will form whicleyants star formation from
lasting long enough in large galaxies so thatdifi@portale planets become pokke.
if too great: too many dwarf spheroidal galaxies will form which will make the orbitslaf s
type stars unstable over long time periods and lead to the generation of deadly radi
tion epsodes.

hypernovae eruptions

if too few nd enough heavy element ashes present for the formation of rocky planets.

if too many: relative abundances of heavy elements on rocky planets would be inappropriate
for life; too many cdlision events in planetary system

if too soon: leads to a galaxy evtn history that would disturb the pak#ity of advanced
life; not enough heavy element ashesspnt for the fanation of rocky planets.

if too late: leads to a galaxy evolution history that would disturb the possibility of advanced
life; relative abudances of heavy elements on rocky planets would be inappropriate
for life; too many collision events in planetary system

supernovae eruptions
if too close: life on the planet would be exterminateddolation
if too far: not enough heavy element ashesldi@xist for the fomation of rocky planets.
if too infrequent; not enough heavy element ashes present forthatfon of rocky planets.
if too frequent: life on the planet would be exterminated.
if too soon: heavy element ashes would be too disperse¢dddamation of rocky planets at
an early enough time in smic history
if too late: life on the planet would be exterminated daiation.

white dwarf binaries
if too few: insufficient flourine would be produced for life chemistry to proceed.
if too many: planetary orbits disrupted by stellar density; life on planet would be ertzed.
if too soon: not enough heavy elements would be made for efficient flourine production.
if too late: flourine would be made too late for incorporation tqplanet.

proximity of solar nebula to a supernova eruption
if farther: insufficient heavy elements for life would be absorbed.
if closer: nebula would be blown apart.

timing of solar nebula fonation relative to supernova @tion
if earlier: nebula would be blowapart.
if later: nebula would notlsorb enough heavyerhents.

number of stars in parent star birth aggregate
if too few: insufficient input of certain heavy elements into the solar nebula.
if too many: planetary orbits will be too radically disturbed.

star formation history in parent star vicinity
if too much too soon: planetary orbits will be too radicalktudbed.

birth date of the staplanetary system
if too early: quantity of heavy elements will be too low for large rocky planets to form.
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15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

if too late: star would not yet have reached stable burning phetseof potassiurd0, ua-
nium-235 & 238, and thoriur232 to iron will be too low for londjved plate tectoics
to be sstained on a rocky planet.

parent star distance from center of galaxy
if farther: quantity of heavy elements would be insufficient to make rocky planets; wrong
abundances of silicon, sulfur, and magnesium relative to iron for appropriate planet
core chareteristics.
if closer: galactic radiation would be too great; stellar densityld disturb planetary orbits;
wrong abundances of silicon, sulfur, and magnesium relative to iron for appropriate
planet core charactstics.

parent star distance from closest spiral arm
if too large: exposure to harmful radiation from galactic corelevbe too great.

z-axis heights of starOs orbit
if more than one: tidal intecdons would disrupt planetary orbit of life support planet
if less than one: heat produced would be insufficient for life.

guantity of galactic dust
if too small: star and plahéormation rate is inadequate; star and planet formation occurs too
late; too much exposure to stellar aiplet radiation.
if too large: blocked view of the Galaxy and of objects beyond the Galaxy; star and ptanet fo
mation occurs too soon and at tdagtof a rate; too many collisions and orbittpe
bations in the Galaxy and in the planetary system.

number of stars in the platary system
if more than one: tidal intecdons would disrupt planetary orbit of life support planet
if less than one: heat@duced would be insufficient for life.

parent star age
if older: luminosity of star would change too quickly.
if younger: luminosity of star would change too quickly.

parent star mass
if greater: luminosity of star would change too quickly; star wouwildh koo rapidly.
if less: range of planet distances for life would be too narrow; tidal forces would disrupt the life
planetOs rotational period; @diation would be inadequate for plants to make sugars
and oxygen.

parent star metallicity
if too small: nsufficient heavy elements for life chemistry woukdse
if too large: radioactivity would be too intense for life; life would be poisoned by heavy el
ment concengtions.

parent star color
if redder: photosynthetiesponse would be insufficient.
if bluer: photosyntheticesponse would be insufficient.

galactic tides
if too weak: too low of a comet ejection rate from giant plaegibn.
if too strong too high of a comet ejection rate from giant plaaggon.

Hs" production
if too small: simple molecugeessential to planet formation and life changiwill not form.
if too large: planets will form at wrong time and place for life.

flux of cosmic ray protons B
if too small: inadequate cloud formation in planetOs troposphere.
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27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

if too large: too much cloud fmation in planetOposphere.

solar wind
if too weak: too many cosmic ray protons reach planetOs troposphere causing too much cloud
formation. N
if too strong: too few cosmic ray protons reach planetOs troposphere causing too little cloud
formation.

parert star luminosity redtive to speciation
if increases too soon: runaway green house effect would develop.
if increases too late: runaway glaciation would develop.

surface gravity (escapelocity)
if stronger: planetOs atmosphere would retain too much mimenod mdiane.
if weaker: planetOs atmosphere would lose too much water.

distance from parent star
if farther: planet would be too cool for a stable water cycle.
if closer: planet would be too warm for a stable water cycle.

inclination of orbit
if too great: temperature diffences on the planet would be todreme.

orbital eccentricity
if too great: seasonal temjpéure differences would be toaxteeme.

axial tilt
if greater: surface temperature differences would be too great.
if less: surface temperate diferences would be too great.

rate of change of axial tilt
if greater: climatic changes would be too extreme; surface temperature differenceseavould b
come too rtreme.

rotation period
if longer: diurnal temperature differences would be too great.
if shorter: atmospheric wincelocities would be too great.

rate of change in rotation period
if longer:surface temperature range necessary for life would notstsrad.
if shorter:surface temperature range necessary for life would nostaénsal.

plaret age
if too young: planet wouldaotate too rapidly.
if too old: planet would rotate too slowly.

magnetic field
if stronger: electromagnetic storms would be too severe; too fawicoay protons would
reach planetOs troposphere which would inhibit adeglzud formation.
if weaker: ozone shield would be inadequately protected from hard stellar and solar radiation;
time between magnetic reversals would be too brief for the long term maintenance of
advanced life civiliation

thickness of crust
if thicker: too much oxygen would be transferred from the aphere to the crust.
if thinner: volcanic and tectonic activity would be too great.

albedo (ratio of reflected light to total amount falling on surface)
if greater: runaway glaciation would develop.
if less: runaway greenhouséect would develop.
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41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

asteroidal and cometaryltision rate
if greater: too many species would become extinct.
if less: crust would be tooedleted of materials essential for life.

mass of body colliding with primordial Earth
if smaler: EarthQs atmosphere would be too thick; moon would be too small.
if greater: EarthOs orbit and form would be too greadtyrtied.

timing of body colliding with primordial Earth.
if earlier: EarthOs atmosphere would be too thick; moon would be tdo sma
if later: sun would be too lumous at epoch for advanced life.

collision location of body colliding with primordial Earth
if too close to grazing: insuffient debris to form large moon; irgpliate annihilation of
EarthOs primordial atmosphere; inadeq transfer of heavyeshents to Earth.
if too close to dead center: damage from collision would bedstouttive for future life to
survive.

oxygen to nitrogen ratio in atmosphere
if larger: advanced life fustions would proceed too quickly.
if smaller: advanced life fuctions would proceed too slowly.

carbon dioxide level intenosphere
if greater: runaway greenhouse effect would develop.
if less: plants would be unable to maintain efficient pephthesis.

water vapor level in atnmsphere
if greater: unaway greenhouse effect would develop.
if less: rainfall would be too meager for advanced life on the land.

atmospheric electric sitharge rate
if greater: too much fire desttion would occur.
if less: too little nitrogen would be fixed in the atmosghe

ozone level in atmosphere
if greater: surface temperatures would be too low.

if less: surface temperatures would be too high; there would be too much uv radiation at the

surface.

oxygen quantity in atnsphere
if greater: plants and hydroteons would kirn up too esily.
if less: advanced animals would have too little to breathe.

5 nitrogen quantity in atnsphere
if greater: too much buffering of oxygen for advanced animalr&tspn; too much nitrogen
fixation for support of diverse plant species.
if less: too little buffering of oxygen for advanced animal respiration; too little nitrogaiofix
for support of diverse plant egies.

ratio of °K, 2*>%34, %32Th to iron for the planet
if too low: inadequate levels of plate tectonic and volcanic agtivi
if too high: radiation, earthquakes, and volcanoes at levels too higthvianeed life.

rate of interior heat loss
if too low: inadequate energy to drive the required levels of platerte and volcanic
activity.
if too high: plate tectonic andbicanic activity shuts down too quickly.

seismic activity
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55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

if greater: too many lifdorms would be destroyed; continents would grow to too large a size;
vertical relief on the continents would be inadequate for the proper distributiomof rai
fall, snow @mdk, and erosion

if less: nutrients on ocean floors from river runoff would notdegcaled to continents through
tectonics; not enough carboiogide would be released fromrbanates; continents
would not grow to a large enough size; vertical relief orcthrinents would become
too great

volcanic activity
if lower: insufficient amounts of carbon dioxide and water vapor would be returned t the a
mosphere; soil mineralization would become too degraded for life.
if higher: advanced life, at least, would destroyed.

rate of decline in tectonic activity
if slower: advanced life can never survive on the planet.
if faster: advanced life can never survive on the planet.

rate of decline in volcanic activity
if slower: advanced life can never survive on the pglane
if faster: advanced life can never survive on the planet.

timing of birth of continent formation
if too early: silicatecarbonate cycle would be destabilized.
if too late: silicatecarbonate cycle would be destabilized.

oceango-continents ratio
if greater: diversity and auplexity of life-forms would be limited.
if smaller: diversity and aoplexity of life-forms would be limited.

rate of change in oceas-continents ratio
if smaller: advanced life will lack the needed land mass area.
if greater: advaced life would be destroyed by the radical changes.

global distribution of conmhents (for Earth)
if too much in the southern hemisphere: seasonal differences would be too severe for advanced
life.

frequency and extent of ice ages
if smaller: insufficienffertile, wide, and wellvatered valleys mduced for diverse andla
vanced life forms; insufficient mineral concentrations exposed for diversedand a
vanced life; msufficient production of high quality harbors for advanced life
if greater: planet inevitaplexperiences runaway freezing.

soil mineralization
if too nutrient poor: diversity and complexity of kferms would be linited.
if too nutrient rich: diversity and complexity of If@rms would be limited.

gravitational interaction with a moon
if greatr: tidal effects on the oceans, atmosphere, and rotatieriadpvould be too severe
.if less: orbital obliquity changes would cause climatic instabilities; movement of nutrients and
life from the oceans to the coménts and vice versa would be insudfit; magnetic
field would be too weak.

Jupiter distance
if greater: too many asteroid and comet collisions would occur on Earth.
if less: EarthOs orbit would become unstable.; JupiterOs presence would too radically disturb or
prevent the formation of Earth

Jupiter mass
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67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

if greater: EarthOs orbit would become unstable; JupiterOs presence would too radically disturb
or prevent the formation of Earth
if less: too many asteroid and comet collisions would occur on Earth.

drift in major planet ditances
if greater EarthOs orbit would become unstable.
if less: too many asteroid and comet collisions would occur on Earth.

major planet eccentricities
if greater: orbit of life supportable planet would be pulled out of lifgpstt zone.

major planet orbital insbiliti es
if greater: orbit of life supportable planet would be pulled out of lifgpstt zone.

mass of Neptune
if too small: not enough Kuiper Belt Objects (asteroids beyoruuxe) would be scattered
out of the solar system.
if too large: chaotic resonancemang the gas giant planets woulctor.

Kuiper Belt of asteroids (beyond Neptune)
if not massive enough: NeptuneOs orbit remains too eccentric which destabilizes the orbits of
other solar system planets.
if too massive: too many chaotic resonances andsimis would acur in the solar system.

separation distances among inner terrestrial planets
if too small: orbits of all inner planets will become unstable in less than 100,000,000 million
years.
if too large: orbits of the most distant from star innenpta will become chaotic.

atmospheric pressure
if too small: liquid water will evaporate too easily and condense too infrequently; weather and
climate variation would be too extreme; lungs will not function.
if too large: liquid water will not evaporateslg enough for land life; insufficient sunlight
reaches planetary surface; insufficient uv radiation reaches planetary surfaffe; insu
cient climate and weather variation; lungs will not function.

atmospheric transparency
if smaller: insufficient range afravelengths of solar radiation reaches planetary surface
if greater: too broad a range of wavelengths of solar radiation reaches planetary surface.

maghnitude and duration of sunspot cycle
if smaller or shorter: insufient variation in climate and weathe
if greater or longer: variation in climate and weather would be too much.

continental relief
if smaller: insufficient variation in climate and weather.
if greater: variation in climate and weather would be too much.

chlorine quantity in atnsphere
if smaller: erosion rates, acidity of rivers, lakes, and soils, and certain metabolic rates would be
insufficient for most life forms.
if greater: ersosion rates, acidity of rivers, lakes, and soils, atalrcenetabolic rates would be
too high for most lifedrms.

iron quantity in oceans and soils
if smaller: quantity and diversity of life would be too limited foppart of advanced life; if
very small, no life would be sible.
if larger: iron poisoning of at least advanced life wougslit.

tropospheric pone quantity
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80.

81.

82.

83.

84.

85.

86.

87.

88.

if smaller: insufficient cleansing of biochemical smogs woekllt.
if larger: respiratory failure of advanced animals, reduced crop yields, and destruction of
ozonesensitive species wouldsult.

stratospheric ozone quantity

if smaller: bo much uv radiation reaches planetOs surface causing skin cancers and reduced

plant growth.
if larger: too little uv radiation reaches planetOs surface caedinged plant growth andisu-
ficient vitamin production for animals.

mesospheric ozone quamtit
if smaller: circulation and chemistry of mesospheric gasessturioied as to upset relative
abundances of life essential gases in lotm@ogphere.
if greater: circulation and chemistry of mesospheric gasesssoliBd as to upset relative
abundances dife essential gases in lowamn@sphere.

guantity and extent of forest fires

if smaller: growth inhibitors in the soils would accumulate; soiifié&tion would be insuff
cient; insufficient charcoal production for adequate soil water retention aatptiba
of certain growth inhitiors; inadequate coverage of the planet by grasslandsand s
vannah

if greater: too many plant and animal life forms would bstryed; too many forests will be
converted to savannah and grassland; less carbon dioxideewdhtoved from the
atmasphere resulting in global warming; less rainfall

guantity and extent of grass fires
if smaller: growth inhibitors in the soils would accumulate; soiifié&tion would be insuff
cient; insufficient charcoal production for adequsdéd water retention and absorption
of certain growthnhibitors.
if greater: too many plant and animal life forms would bstryed; too many savannahs and
grasslands will be cwerted to deserts; less rainfall

guantity of soil sulfer
if smaller: plantswill become defieient in certain proteins and die.
if larger: plants will die from sulfur toxins; acidity of wate and soil will become too great for
life; nitrogen cycles will be dturbed.

biomass to comet infall ratio
if smaller: greenhouse gases acclate) triggering runaway surfacenperature increase.
if larger: greenhouse gasesctine, triggering a runaway freezing.

density of quasars
if smaller: insufficient production and ejection of cosmic dust into the intergalactic medium;
ongoing star formabn impeded; deadly raation unblocked.

if larger: too much cosmic dust forms; too many stars form too late disrupting the formation of

a solartype star at the right time andder the right conditions for life.

density of giant galaxies in the early umise
if smaller: insufficient metals ejected into the intergalactic medium depriving futureagener
tions of stars of the metal abundances necessary forgufifgort planet at the right
time in cemic history.
if larger: too large a quantity of metals &jed into the intergalactic medium providing future
stars with too high of a ntalicity for a life-support planet at the right time in cosmic
history.

giant star density in galaxy
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89.

90.

91.

92.

93.

94.

95.

96.

97.

if smaller: insufficient production of galactic dust; ongoing star formaitigpeded; deadlyar-
diation unblocked.

if larger: too much galactic dust forms; too many stars form too early disrupting the formation
of a solartype star at the right time and under the right conditions for life.

rate of sedimentary loading at crustabduction zones:
if smaller: too few instabilities to trigger the movement of crustal plates into the mantle thereby
disrupting carbonatsilicate cycle.
if larger: too many instabilities triggering too many crustal plates to move down into tiie ma
therdoy disrupting carbonatsilicate gcle

poleward heat transport in planetOs atmosphere
if smaller: disruption of climates and ecosystems; lowered biomass and species diversity; d
creased storm activity andegipitation.
if larger: disruption of climates drecosystems; lowered biomass and species diversity; i
creased storm activity.

polycyclic aromatic hydrocarbon abundance in soléutae
if smaller: insufficient early production of asteroids which would prevent a planet like Earth
from receiving adequatielivery of heavy elements and carbonaceous material for life,
advanced life in particular.
if larger: early production ofsteroids would be too great resulting in too many collision events
striking a planet arising out of thelmda that could supportfé

phosphorus and iron absorption by banded iron &ions

if smaller: overproduction of cyanobacteria would have consumed too much carbon dioxide
and released too much oxygen into EarthOs atmosphere thereby overcompensating for
the increase in the Sun@minosity (too much reduction in atmospheric greenhofise e
ficiency).

if larger: underproduction of cyanobacteria would have consumed too little carbon dioxide and
released too little oxygen into EarthOs atmosphere thereby undercomsatingnfor the i
creasen the SunOs luminosity (too little reduction in atmospheric greenhouse eff
ciency).

silicate dust annealing by nebular shocks
if too little: rocky planets with efficient plate tectonics cannot form.
if too much: too many collisions in planetary systetmo, severe orbital instabilities in plan
tary system.

size of galactic central bulge
if smaller: inadequate production of lissential heavy elements; inadequate infusion of gas
and dust into the spiral arms pretiag solar type stars from forming duet right bca-
tions late enough in the lgxyOs history
if larger: radiation from the bulge region would kill life on theffepport planet.

total mass of Kuiper Belt asteroids
if smaller: NeptuneOs orbit would not be adequately circularized.
if larger: Do severe gravitational instabilities generated in outer sosteray

solar magnetic activity level
if greater: solar luminosity fletuations will be too large.

number of hypernovae
if smaller: too little nitrogen is produced in the early universe, ttarsnot get the kinds of
stars and planets later in the'wgrse that are necessary for life.
if larger: too much nitrogen is produced in the early universe, thus, cannot get the kinds of stars
and planets later in the iverse that are necessary for life.
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98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

timing of hypernovae mduction
if too early: galaxies become too metal rich too quickly to make stars and planets suitable for
life support at the right time.
if too late: insufficient metals available to make quickly enough stars and planets suitable for
life support.

masses of stars that become hypernovae
if not massive enough: insigfent metals are ejected into the intetaremedium; that is, not
enough metals are available fotdre star generations to make stars and planets sui
able for the supgrt of life.
if too massive: all the metals produced by the hypernova eruptions collapse into the black holes
resulting from the eruptions; that is, none of the metals are available for futura-gener
tions of stars.

guantity of geobacteraceae
if smaller ornon-existent: polycyclic aromatic hydrocarbons aoailate in the surface elnv
ronment thereby contaminating the enwirent for other life forms.

density of brown dwarfs
if too low: too many low mass stars are produced which will disrupeganorbits
if too high: disruption of plaatary orbits

guantity of aerobic phoheterotrophic bacteria
if smaller: inadequate recycling of both organic and inorganic carbon in the oceans

average rainfall precigiion
if too small: inadequate water supplies for ldraded life; inadequate erosion of land masses to
swstain the carbonatsilicate cycle.; inadequate erosion to sustain certaciep of
ocean life that are vital for the existence of all life.
if too large: too much erosion of land masses which upsetsithenatesilicate cycle and &
tens the extinction of many species of life that are vital for the existence of all life.

variation and timing of average rainfall precipitation
if too small or at the wrong time: erosion rates that upset the madxsilicate cycle and fail to
adjust adequately the planetOs aphere for the increase in the sunOs luminosity.
if too large or at the wrong time: erosion rates that upset theratgxgilicate cycle and fail to
adjust the planetOs aspbere for the increasa the sunOs luminosity

average slope or relief of the continental land masses
if too small: inadequate erosion.
if too large: too much erosion.

distance from nearest black hole
if too close: radiation will prove deadly for life

absorption rate of planetsé planetismals by parent star
if too low: disturbs sunOs luminosity and stability of sunOs long teinoéityn
if too high: disturbs orbits of inner solar system planets; disturbs sun®s luminosity and stability
of sunOs long term lunosity.

water absastion capacity of planetOs lower mantle
if too low: too much water on planetf)s surface; no continental land masses; too littleplate te
tonic activity; carbonatsilicate cycle dirupted.
if too high: too little water on planetOs surface; too little péatinic activity; carbonate
silicate cycle disrupted.

gas dispersal rate by companion stars, shock waves, and molecular cloud expansion in the SunOs
birthing star cluster
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if too low: too many stars form in SunOs vicinity which will disturb planetarysabi pose a
radiation problem; too much gas and dust in solar systemOs vicinity.

if too high: not enough gas and dust condensation for the Sun and its planets to forin; insuff
cient gas and dust in solar systemOs vicinity.

110. decay rate of cold dark matteanticles
if too low: insufficient production of dwarf spheroidal galaxies which will limit the neaint
nance of longived large sfral galaxies.
if too high: too many dwarf spheroidal galaxies produced which will cause spiral galaxies to be
too unstable.

111. ratio of inner dark halo mass to stellar mass for galaxy
if too low: corotation distance is too close to the center of the galaxy which exposes-the life
support planet to too muchdiation and too many gravitational disturbances.
if too high: corotation disince is too far from the center of théagey where the abundance of
heavy elements is too sparse to make rocky planets.

112. star rotation rate
if too slow: too weak of a magnetic field resulting in not enougleption from cosmic rays
for the life-supportplanet.
if too fast: too much chromospheric emission causing radiatidsigms for the lifesupport
planet.

113. rate of nearby gamma ray bursts
if too low: insufficient mass extinctions of life to create new habitats for more advareed sp
cies
if too high: ta many massxinctions of life for the maintenance of lofiged species
114. aerosol particle density emitted from forests
if too low: too little cloud condensation which reduces rainfalljdos the albedo (planetarg-r
flectivity), and disturbs climates ongdobal scale.
if too high: too much cloud condensation which increases rainfall, raises the albedo (planetary
reflectivity), and diturbs climate on a global scale; too much smog.

115. density of interstellar and interplanetary dust particles in vicinityfefslipport planet
if too low: inadequate delivery of lifessential materials
if too high: disturbs climate too radically on lgipport planet

116. thickness of miemantle boundary
if too thin: mantle convection eddies become too strong; tectonidgtg@ndsilicate proda-
tion become too great.
if too thick: mantle convection eddies become too weak; tectonidtg@nd silicate prodct
tion become too small.

117. galaxy cluster density
if too low: insufficient infall of gas, dust, and dwarf galaxies into a lgaeaxy that evenilly
could form a lifesupportable planet.
if too high: gravitational inflences from nearby galaxies will disturb orbit of the star that has a
life-supprtable planet thereby exposing that planet either to deadly radiation or to
gravitatonal disturbances from other stars in thdagg.

118. star formation rate in solar neighborhood during pastlibbiyears
if too high: life on Earth will be exposed to deadly radiation or orbit of Earth will sierbied.

119. variation in star formation rate solar neighborhood during past 4 billion years
if too high: life on Earth will be exposed to deadly radiation or orbit of Earth will sierbied.

120. gammaray burst events:
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121.

122.

123.

124,

125.

126.

127.

128

129

130

131

if too few: not enough prodation of copper, scandium, titanium, and zinc
if too mary: too many massxéinction events

cosmic ray luminosity of Milky Way Galaxy:
if too low: not enough prodiion of boron B
if too high: life spans fordvanced life too short; too much destiion of planetOs ozone layer

air turbulence in troposphere:
if too low: inadequate formation of water droplets
if too great: rainfall distribution will be too uneven

primordial cosmic superwinds:
if too low of an intensity:nadequate star formation late in cosmic history
if too great of an intensity: inadequate stanfation early in cosmic Hiory

smoking quasars:
if too few: inadequate printdial dust production for stimulatingtiure star formation
if too many: early star formation will be too vigorous resulting in too few stars and planets b
ing able to form laten casmic history

guantity of phytoplankton:
if too low; inadequate production of molecular oxygen and inadequate production of maritime
sulfate aerosols (cloud condensation nuclei); inadequate consumption of ciawbon d
ide
if too great: too much cooling alea surface waters and possibly too much reduction of ozone
guantity in lower stratsphere; too much consumption of carbon dioxide

guantity of iodocarbommitting marine organisms:
if too low: inadequate marine cloud cover; inadequate water cycling
if too great: too much marine cloud cover; too much cooling of Eartihf@sesu

mantle plume production:
if too low: inadequate volcanic and island production rate
if too great: too much destruction and atmospheric disturbance friranio eruptions

. quantity d magnetars (protmeutron stars with very strong greetic fields):
if too few during galaxyOs history: inadequate quantitiepafaess ements are synthesized
if too many during galaxyOs history: too great a quantipodaess elements are syntlzes;
too great of a higlenergy cosmic ray production

. frequency of gamma ray bursts in galaxy
if too low: inadequate production of copper, titanium, and zincffitéent hemispheravide
mass extinction events
if too great: too much production of copmard zinc; too many hespherewide mass exticr
tion events

. parent star magnetic field
if too low: solar wind and solar magnetosphere will not be adequate to thwart a significant
amount of cosmic rays
if too great: too high of an-ray flux will be generad

. amount of outward migration of Neptune
if too low: total mass of Kuiper Belt objects will be too great; Kuiper Belt will be too close to
the sun; NeptuneOs orbit will not be circular enough and distant enough to guarantee
long-term stability of inner dar system planetsO orbits
if too great: Kuiper Belt will be too distant and contain too little mass to play any significant
role in contributing volatiles to lifsupport planet or to contributing to mass eotion
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132

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

events; Neptune will be too distantgdtay a role in catributing to the longgerm sa-
bility of inner solar system planetsO orbits

. Q-value (rigidity) of Earth during its early history
if too low: final obliquity of Earth becomes too high; rotationalkimg of Earth too low
if too great: findobliquity of Earth becomes too low; rotational kirey of Earth is too great

parent star distance from galaxyOs corotation circle
if too close: a strong meanation resonance will destabilize therpat starOs galactic orbit
if too far: planetary systemill experience too many crossings of the spiral arms

average quantity of gas infused into the universeOs first star clusters
if too small: wind form suprgiant stars in the clusters will blow the clusters apart which in turn
will prevent or seriously dal the fornation of galaxies
if too large: early star formation, black hole production, and galaxy formation will bedeo vi
orous for spiral galaxies to pést long enough for the right kinds of stars and planets
to form so that life will be possible

frequency of late impacts by large asteroids and comets
if too low: too few mass extinction events; inadequate rich gpedits of ferrous and heavy
metals
if too many: too many masstinction events; too radical of dishances of planetOs crust

level of supersonic turbulence in the infant universe
if too low: first stars will be of the wrong type and quantity toduce the necessary mix of
elements, gas, and dust so that a future star and planetary system capable of supporting
life will appear at the rightime in cosmic history
if too high: first stars will be of the wrong type and quantity todpce the necessary mix of
elements, gas, and dust so that a future star and planetary system capable of supporting
life will appear at the right time in cosmicstory

number density of the first methke stars to form in the universe
if too low: inadequate initial production of heavy elements and dust by these stars to foster the
necessary future star foations that will lead to a possible l#upport body
if too many: super winds blown out by these stars will prevergrimusly delay the formation
of the kinds of galaxies that could possibly produce a futureslifgoort body

size of the carbon sink in the deep mantle of the planet
if too small: carbon dixide level in planetOs atmosphere will be too high
if too large: carbon dioxide level in planetOs atmosphere will be too low; biomass will be too
small

rate of growth of central spheroid for the galaxy
if too small: inadequate flow of heavy elements i@ $piral disk; inadequate outward drift of
stars from the inner to the centralrfions of the spiral disk
if too large: inadequate spiral disk of ldiern stars

amount of gas infalling into the central core of the galaxy
if too little: galaxyOs nuclebulge becomes too large
if too much: galaxyOs nuclear bulge fails to become large enough

level of cooling of gas infalling into the central core of the galaxy
if too low: galaxyOs nuclear bulge becomes too large
if too high: galaxyOs nuclear bulge failbézome large enough

ratio of dual water molecules, {8),, to single water molecules 8, in the troposphere
if too low: inadequate raindrop formation; inadequate rainfall
if too high: too uneven of a glribution of rainfall over planetOsrface
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143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

heavyelement abundance in the intracluster medium for the eanherse
if too low: too much star formation too early in cosmic history; nedifeport body will ever
form or it will form at the wrong tine and/or place
if too high: inadequate star formatiearly in cosmic history; no lifsupport body will ever
form or it will form at the wrong tine and/or place

guantity of volatiles on and in Earlized planet in the habitable zone
if too low: inadequate ingreents for the support of life
if too high: nopossibility for a means to compensate for luminosity changes in star

pressure of the intrgalaxy-cluster medium
if too low: inadequate star fimation bursts in large galaxies
if too high: star formation burst activity in large galaxies is tggressivetoo frequent, and
too early in cosmic history

level of spiral substructure in spiral galaxy
if too low: galaxy will not be old enough to sustain advanced life
if too high: gravitational chaos will disturb planetary systemOs orbit about center of galaxy and
thereby expose the pletary system to deadly radiation and/or disturbances by gas or
dust clouds

mass of outer gas giant planet relative to inner gas giant planet
if greater than 50 percent: resonances will generatecaplanar planetary orbits which i
destbilize orbit of life-support planet
if less than 25 percent: mass of the inner gas giant planet necessary to adequately protect life
support planet from asteroidal and cometary collisions would be large enoughito grav
tationally disturb the orbitfahe life-support planet

triggering of EI Nino events by explosive volcanic eruptions
if too seldom: uneven rainfall distribution over continental land masses
if too frequent: uneven rainfall distribution over continental land masses; too much destructio
by the volcanic events; drop in mean global surface temperature

time window between the peak of kerogen production and the igpwesof intelligent life
if too short: inadequate time for geological and chemical processes to transform the kerogen
into erough petroleumeserves to launch and sustain advanced civilization
if too long: too much of the petroleum reserves, both shalldsustace and deep subsurface,
will be broken down by baerial activity into methane

time window between the production a$terns in the planetOs crust that can effectively collect and
store petroleum and natural gas and the appearance of intelligent life
if too short: inadequate time for collecting and storing significant amounts of petroleum and
natural gas
if too long: toomany leaks form in the cisterns which lead to tesightion of petroleum and
gas

efficiency of flows of silicate melt, hypersaline hydrothermal fluids, ardtdthermal vapors in the
upper crust
if too low: inadequate crystallization and precipitatidrconcentrated metal ores that can be
exploited by intelligent life to launch civilization and technology
if too high: crustal environment becomes too unstable for thetem@ince of civilization

guantity of dust formed in the ejecta of Population Ill snpeae
if too low: number and mass range of Population Il stars will not be great enough fer a life
support planet to form at the right time and place in the cosmos; Population Il stars will
not form soon enough after the appearance of Population Il stars
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153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

if too high: Population Il star formation will occur too soon and be too aggressive for a life
support planet to form at the right time and place in the cosmos

guantity and proximity of gammiay burst events relative to ergerg solar nebula
if too few and too far: inadquate enrichment of solar nebula with copper, titanium, and zinc
if too many and too close: too much enrichment of solar nebula with copper and zinc; too much
destruction of solar roella

heat flow through the planetOs mantle from radidendgicay in planetOs core
if too low: mantle will be too viscous and, thus, mantle convection will not be vigorous enough
to drive plate tectonics at the precise level to compensate for changes in star@s lum
ity
if too high: mantle will not be viscousieugh and, thus, mantlemgection will be too vigo-
ous resulting in too high of a level of plate tectonic activity to perfectly compensate for
changes in star@srinosity

water absorption by planetOs mantle
if too low: mantle will be too viscous and, gyumantle convection will not be vigorous enough
to drive plate tectonics at the precise level to compensate for changes in star@s lum
ity
if too high: mantle will not be viscous enough and, thus, mantieemtion will be too vigo-
ous resulting in todigh of a level of plate tectonic activity to perfectly compensate for
changes in star@svinosity

guantity of mountains on land
if too small: not enough snow and ice to provide adequate natdt ¥or life during the dry
seasons
if too large: too much dhe planetOs water would be trapped inside permanent snow and ice
fields

average height of mountains on land
if too low: not enough snow and ice to provide adequate melt water for life during theadry se
sons
if too high: too much of the planetOs water de trapped inside peament snow and ice
fields

timing of late heavy bombardment
if too early: bombardment of Earth would be toteirse; too much mass accretitonp severe a
disruption of mantle and core; too much core growth
if too late: bombardmerdf Earth would not be intense enough; too little oxygen wouldebe d
livered to the core; too little core growth

density and thickness of atmosphere
if too low: meteoritic bmmbardment would cause too much damage
if too high: dust input to the atmosphere aod would be too low; water input would be too
low

degree of continental land mass barrier to oceans along rotation axis
if too low: rotation rate of planet slows down too slowly
if too high: rotation rate of planet slows down too quickly

methane emissns from living plants and plant litter
if too low: greenhouse gas input to atmosphere inadequate to prenawasufreezing of
planetary surface
if too high: greenhouse gas input to atmosphere launches a runaway evaporation of planetOs
surface water

metane emissions from animals
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163

164

165

166

167

168.

169

170

if too low: greenhouse gas input to atmosphere inadequate to prenawasufreezing of
planetary surface

if too high: greenhouse gas input to atmosphere launches a runaway evaporation of planetOs
surface water

. methane emissitw from fossil fuel production
if too low: greenhouse gas input to atmosphere inadequate to prenawasufreezing of
planetary surface
if too high: greenhouse gas input to atmosphere launches a runaway evaporation of planetOs
surface water

. lifetimes of methane in different atmospheric layers
if too short: greenhouse gas input to atmosphere inadequate to prevent runaway freezing of
plaretary surface
if too long: greenhouse gas input to atmosphere launches a runaway evaporation of planetOs
surface water

. average mass of the first (mefete pop lll) stars to form in the iwerse
if too low: inadequate initial production of heavy elements and dust by these stars to foster the
necessary future star foations that will lead to a possible l#pport body
if too high: super winds blown out by these stars will prevenéerowssly delay the formation
of the kinds of galaxies that could possibly produce a futureslifgoort body

. rate of release of biogenic bromides into the atmosphere

if too low: tropospher ozone and nitrogen oxides abundances in the atmosphere will be too
high for healthy land life; greenhouse effect of the atmosphere may be too high to
compensate for changes in solar luminosity; too mutrhwiolet radiation is blocked
out causing plarmgrowth to suffer

if too high: tropospheric ozone in the atmosphere will be too low to maintain a clean enough
atmosphere for healthy land life; greenhouse effect of the atmosphere may be too low
to compensate for changes in solar luminosity; ozone abuoadarstratosphere will
become too low to block out enough uv radiation to protect surface life

. rate of decomposition of biogenic bromides in the atmosphere

if too low: tropospheric ozone and nitrogen oxides abundances in the atmosphere will be too
high for healthy land life; greenhouse effect of the atmosphere may be too high to
compensate for changes in solar luminosity

if too high: tropospheric ozone in the atmosphere will be too low to maintain a clean enough
atmosphere for healthy land life; greenhmesfect of the atmosphere may be too low
to compensate for changes in solar luminosity; ozone abundance in stratosphere will
become too low to block out enough uv radiation to protect surface life

solar nebula exposure to stellar winds from expandingpktic giant branch stars
if too low: inadequate infusion of certain alkaliearth elements into the solar nebula
if too high: solar nebula would suffer too much reduction and/or ptisiru

. height of the tallest trees
if too low: inadequate intercepti@nd capture of water from rolling fog; inadequate buildup of
soil nutrients and biodeposits; loss of quality timber for sustaining human atieitiz
if too high: inadequate tree growth efficiency; greater level of tree damage

. diameter of ordinary dark rnttar halo surrounding the galaxy
if too small: spiral structure cannot be maintained long term; galaxy will grow too rapitily; ga
axy structure will ecome too disturbed
if too large: spiral structure cannot be maintained long term; galaxy will not graslyrap
enough; galaxy structure will become tostdibed

Part 2. Fine-Tuning forintelligentPhysical Life 16



171.

172.

173.

174.

175.

176.

177.

178.

179.

mass of ordinary dark matter halo surrounding the galaxy
if too small: spiral structure cannot be maintained long term; galaxy will grow too rapitily; ga
axy structure will ecome too disturbed
if too large: spiral structure cannot be maintained long term; galaxy will not grow rapidly
enough; galaxy structure will become tostdibed

diameter of exotic dark matter halo surrounding the galaxy
if too small: spiral structure cannot be maintained long tegataxy will grow too rapidly; da
axy structure will ecome too disturbed
if too large: spiral structure cannot be maintained long term; galaxy will not grow rapidly
enough; galaxy structure will become tostdibed

mass of exotic dark matter halo sumding the galaxy
if too small: spiral structure cannot be maintained long term; galaxy will grow too rapitily; ga
axy structure will ecome too disturbed
if too large: spiral structure cannot be maintained long term; galaxy will not grow rapidly
enough; galxy structure will become toodtiirbed

density of ultradwarf galaxies (or supermassive globular clusters) in vicinity of the galaxy
if too low: spiral structure will not be adequately sustained; heavy element flow into galactic
habitable zone will be iequate; galactic structure stability will not be adequately
maintained
if too high: galactic core will produce too much deadly radiation; too many heavy elements
will be funneled into the galactic habitable zone; galactic structure stability will not be
adequately maitained

magnitude of air movement at the boundaries of water vapor clouds in planetOs atmosphere
if too small: inadequate eleital charges induced into cloud glets which limits how quickly
droplets merge to form raindrops large enougfalicas precipitation
if too large: so much electrical charge would be induced into cloud droplets as to generate too
frequent, too widespread, and too dediue rain and electrical storms

formation rate of molecular hydrogen on dust grain surfaces theegalaxy is young
if too low: too few stars will form during the early history of théagg which would delay the
possible formation of a planetary system capable of sustaining advanced life past the
narrow epoch in the gaxyOs history during which axhced life could exist
if too high: too many stars will form during the early history of the galaxy which would lead to
the shutdown of star formation and spiral structure before the epoch during which a
plaretary system capable of sustaining advanceddduld form

number of mediumor largesized galaxies merging with the galaxy since the formation andistabil
zation of its thick galactic disk
if one or more: spiral structure and star formation history will be disturbed to a degree that
would rule outhe possibility of a planetary system capable of sustaining advanced life

intensity of far ultraviolet radiation from nearby stars when crsalar disk was condensing into
planets
if too weaker: Saturn, Uranus, Neptune, and Kuiper Belt would have beenmauemasive,
too massive for@vanced life on Earth to be possible
if too stronger: Uranus, Neptune, and the Kuiper Belt would never have formed and Saturn
would have been smaller, makindvanced life on Earth impossible

magnitude of chemical exchangecarring at the liquid coreeep mantle boundary of planet
if too small: inadequate flow of irerich material to planetOs surface at crustal hot spots for
sustaning abundant nutrient rich flora
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if too large: too much iron will be leached out of the ptérsecore which will lower the @dur
tion and effectiveness of planetOs dynamo

180. amount of methane generated in upper mantle of planet
if too small: inadequate delivery of methane to planetOs atmosphere causing too little solar heat
to be trapped by theraosplere
if too large: too great a delivery of methane to planetOs atmosphere causing too much solar heat
to be trapped by theraosphere

181. amount of buildup of heavy elements in the galaxy
if too small: not enough heavy elements will be incorporated into theefary system to make
advanced life possible
if too large: too much heavy elements will be incorporated into the planetary system resulting
in too many planetesimals, asteroids, and comets in the planetary system; galactic
structure becomes too disturbaad/or frayed to allow for the existence of advanced
life
182. timescale for the buildup of heavy elements in the galaxy
if too short: galactic structure becomes too disturbed and/or frayed to allow for the existence of
advanced life; planetary system will bedewed with too great of a quantity @dio-
metric elements
if too long: planetary system will be endowed with too low of a quantity of radiometric el
ments; spiral structurdtber will collapse or too much spiral substructure will accrue

183. level of biogeit mixing of seafloor sediments
if too low: too low of a level of marine sediment oxygen whiesuits in a too low biomass
and nutrient budget for marine coastal estmys

184. production of organic aerosols in the atmosphere
if too small: depending on thegicular aerosol either too little solar radiation is reflected into
space or too little solar radiation issmrbed into the troposphere
if too large: depending on the particular aerosol either too much solar radiation is reflected into
space or too muckolar radiation ist@sorbed into the troposphere

185. lifetimes of organic aerosols in the atmosphere
if too short: depending on the particular aerosol either too little solar radiation is reflected into
space or too little solar radiation issmrbed into théroposphere
if too long: depending on the particular aerosol either too much solar radiation is reflected into
space or too much solar radiation isarbed into the troposphere

186. total mass of primordial Kuiper Belt of asteroids and comets

if too small: irmdequate outward drift of Jupiter, Saturn, Uranus, and Neptune; inadequate ci
cularization of the orbits of Jupiter, Saturn, Uranus, and Neptune; late heavy bo
bardment of Earth would not beténse enough to bring about the necessary chemical
transformatdn of EarthOs crust, nie, and core; inadequate dedry of water and
other volatiles to Earth

if too large: too much outward drift of Jupiter, Saturn, Uranus, and Neptune; late heavy bo
bardment of Earth would be too intense; too much delivery of aatbother vdliles
to Earth

187. average distance of primordial Kuiper Belt objects from the sun
if too short: inadequate outward drift of Uranus and Nepturaeteiquate circularization of
Uranus and Naptunedbits; either too much or too little outward driff Jupiter and
Saturn; timing and intensity of the late heavy bombardment could be altered so ser
ously as to create aditions on Earth detrimental to advanced life
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188.

189.

190.

191.

192.

193.

194.

if too long: inadequate outward drift of Jupiter and Saturn; inadequate circulariabfiogter
and SaturnOs orbit; either no late heavy bombardment or the late hedaydbwent
could be altered so seriously as to createlitimns on Earth detrimental tahaanced
life; inadequate outward drift of Uranus and Neptune; inadequate ciratianof
Uranus and NeptuneQbits

guantity of subseaflour hypersaline anoxic bacteria
if too small: inadequate sulfate reduction and methangenesistainsiie global chemicale
cles essential for sustaining advanced life and human civilizatioreduoatle supply of
concentrated metal ores for sustaining human civilization
if too large: too high of a level of sulfate reduction and methanogeneis to sustain the global
chemical cycles essential for sustainimlganced life and human civilization

ratio of baryons in galaxies to baryons in between galaxies
if too small: galaxies in the inverse would be too few and too small, yielding inadequate
heavy elements to makehanced life possible
if too large: galaxies in the universe would be too large anduotwerous, yielding a radiation
and stellar density that would makdvanced life impesible

ratio of baryons in galaxy clusters to baryons in between galagterdu
if too small: galaxies in the inverse would be too few and too small, yielding inadequate
heavy elements to makehanced life possible
if too large: galaxies in the universe would be too large and too numerous, yielding a radiation
and stellar density that would makdvanced life impesible

superwinds generated by primordial supermassivekitiates
if too few or too weak: too few baryons would be evacuated from galaxies into the irtcgala
medium; galaxies in the universe would be too large and too numerous, yielding ar
diation and stellar density that would makivanced life impssible
if too many or too strong: too many baryons would be evacuated from galaxies into it inte
lactic medium; galaxies in the universe would be too few and too small, yietding i
adequate heavy elements to make advanced lifsipte

mass of moon orbitingfk support planet

if too small: inadequate ocean tides; planetOs rotation rate will not slow down fast enough to
make advanced life possible; a mass lower than about a third of the MoonOs would not
be agquate to stabilize the tilt of the planetOs rotaids.

if too large: a mass higher than two percent of the MoonOs would destabilize the tilt of the
planetOs rotation axis; ocean tides would be too great causing too much erosion and
disturbing continental shelf life; planetOs rotation rate would slow dovguickly as
to make dvanced life impossible.

galaxy mass

if too small: starburst episodes occur too late in the history of the galaxy; galaxy would absorb
too few dwarf and supaiwarf galaxies thereby failing to sustain star formation over a
long enaugh period of time; structure of galaxy may become too distorted by agavit
tional encounters with nearby large and medium sized galaxies

if too large: starburst episodes occur too early in the history of the galaxy; galaxy wsaoitd a
too many mediunsized, dwarf, and supeadwarf galaxies making the radiation from
the galaxyOs core too deadly and disturbing too radically the galaxyOs sgiuaé stru

density of galaxies in the local volume around-$iteport galaxy
if too low: inadequate growth in thelgay; inadequate buildup of heavy elements in tHe ga
axy; star formation would be too anemic and history of star formation activity would
be too short
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if too high: galaxy would suffer catastrophic gravitational distimces and star formation
events woulde too violent and too frequent; galaxy would grow too large and too
quickly; astronomersO view of the universe would dréfgiantly blocked

195. average galaxy mass in the local volume arouneklifgport galaxy
if too small: inadequate growth in the galaiyadequate buildup of heavy elements in the ga
axy; star formation would be too anemic and history of star formation activity would
be too short
if too large: galaxy would suffer catastrophic gravitational disoces and star formation
events would beob violent and too frequent; galaxy would grow too large and too
quickly; astronomersO view of the universe would drefgiantly blocked
196. rate at which the triplalpha process (combining of three helium nuclei to make one cadson n
cleus) runs inside theuclear furnaces of stars
if too low: stars would not manufacture enough carbon and other heavy elements tamake a
vanced life possible before cosmic conditions would rule out the possibility- of a
vanced life; stars may too dim
if too high: stars would nraufacture too much carbon and other heavy elements; stars may be
too bright

197. surface level air pressure for lisupport planet

if too small: lung operation in animals would be too inefficient, elitiirgathe possibility of
high respiration rate animalsjmwd velocities would be too high and air streams too
laminar, caging devastating storms and much more uneven rainfall distribution; less
lift for aircraft making air tragport more dangerous and costly

if too great: lung operation would be too inefficiealiminating the possibility of high respir
tion rate animals; wind veldties would be too low, resulting in much lower rainfall on
continental land masses; too much air resistance making air transport slower, more
costly, and more dwerous.

198. average mss of cold dark gadust clouds in the galaxy

if too small: star formation will be too anemic and stretched out over too long of adiiné;p
spiral arm structure will be disrupted; galaxy will not generate stars of the right mean
mass, mass distributipand metallicity distribition for advanced life

if too great: star formation will be too aggressive, occur too early, and be stretched out over too
brief a time period; spiral arm structure will be disrupted; star density ihl@iypod
of life-support panetary system will be too high; galaxy will not generate stars of the
right mean mass, mass distribution, and metgildistribution for advanced life

199. number density of cold dark gasist clouds in the galaxy
if too low: star formation will be too anémand stretched out over too long of a time period;
spiral arm structure will be disrupted
if too high: star formation will be too aggressive, occur too early, and be stretched out over too
brief a time period; spiral arm structure will be disrupted;rsaégghborhood would
include too many stars

200. level and frequency of ocean microseisms
if too low: inadequate rainfall; inadequate redistribution of continental shelf nutrients
if too high: storm intensities would become too great; rainfall levels woulddokigh; too
much disturbance of the continental shelfisonment and ecosystems

201. average slope of the coastline land masses
if too small: inadequate input of nutrients from the continents and islands to the continental
shelves; energy from waweave inteactions and from wawshore interactions would
be too low to adequately redistribute nutrients on the continental shelves; rainfall on
continents would diminish and rainfall distributionteans would be drupted
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if too great: erosion of continents arsteinds would be too great; continental shelf emviro
ments and ecosystems would be too radically disturbed; storms would become too i
tense; too much rain would fall on the coastlines and not enough on the contieent int
riors.

202. depth of EarthOs primordialeam
if too shallow: moorforming collider would not have ejected enough of EarthOs primordial
ocean and atmosphere into interplanetary space; size and/or composition of the moon
would be too radically dturbed
if too deep: moosforming collider would havejected too much of EarthOs primordial ocean
and atmosphere intoterplanetary space; size and/or composition of the moon would
be too radically disturbed

203. rate of quartz reorecipitation on Earth
if too low: cycling of silicon would be so disturbed asaffect the production of free oxygen
by phytoplankton and the removal of carbon dioxide from the atmosphere by the
weathering of sitates
if too high: cycling of silicon would be so disturbed as to affect the production of free oxygen
by phytoplankton ad the removal of carbon dioxide from the atmosphere by the
weathering of sitates

204. rate of release of cellular particles (fur fiber, dandruff, pollen, spores, bacteria, etc.) irttndbie a
phere
if too low: inadequate production of aerosol particles t#re especially effective as cloucheo
densation nuclei therebggulting into too little rain, hail, snow, and fog
if too high: too much production of aerosol particles that are especially effective as aleud co
densation nuclei thereby casing too muokcpitation or precipitation that is tomu
evenly distributed

205. rate of release of protein and viral particles into the atmosphere
if too low: inadequate production of aerosol particles that are especially effective as ¢leud co
densation nuclei therebgaulting into too little rain, hail, snow, and fog
if too high: too much production of aerosol particles that are especially effective as aheud co
densation nuclei thereby casing too much precipitation or precipitation that is-too u
evenly distributed

206. rateof leaf litter deposition upon soils
if too low: inadequate amounts of nutrients delivered to sodgldquate amounts of silicad
livered to soils; serious disruption ofisa cycling
if too high: soils and the ecosystems within them becomedpived of light, oxygen, and
carbon dioxide; interferes with nitrogen fixation;

207. availability of fossil fuels to humanity
if less: more greenhouse gases released to the atmosphere and more air pollution as people turn
to burning wood instead; more global wargnimuch more respiratory diseases, and
more deforetation
if much higher: fossil fuel burning would be accelerated resulting in more significant global
waming and local cooling from release of particulates

208. date of star formation shutdown in the galaxy
if too soon: no possibility of planets forming with the mix of heavy elements to support a
vanced life
if too late: too high of a probability that a nearby supernova eruption or an encounter with a
dense molecular cloud or a young bright star will provetdeious to the life on the
life-support planet
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2009.

210.

211.

212,

213.

214,

215.

216.

217.

218.

219.

220.

degree of central concentration of ligdmitting ordinarymatter for the lifesupport galaxy
if smaller: inadequate infusion of gas and dust into the spiral arms preventing solar type stars
from forming at he right locations late enough in the galaxyOs history.
if larger: radiation from the bulge region would kill life on theffepport planet.

degree of flatness for the lighmitting ordinary mattefor the life-support gaxy
if less: spiral structureither will collapse or become unstable
if more: inadequate infusion of gas and dust into the spiral arms preventing solar type stars
from forming at the right laations late enough in the galaxyOs history

average albedo of EarthOs surface life
if less: would cause runaway evaporation of EarthOs frozen and ligted w
if more: would cause runaway freeap of EarthOs water vapor and liquid water

infall velocity of galaxy toward center of nearest grouping of galaxies
if smaller: inadequate gas and dustdbbe infused into the galaxy
if larger: galaxy would suffer serious gravitational distortions

infall velocity of galaxy toward center of nearest supercluster lafxges
if smaller: inadequate gas and dust would be infused into the galaxy
if larger: galxy would suffer serious gravitational distortions

distance that primordial supernovae dispersed elements heavier than helium
if smaller: potential lifesupport planet either will possess to much or too little of the-vital
poison elements
if larger: potental life support planet will lack many of the elements essential for the support of
advanced life

collision velocity of planet colliding with primordial Earth
if too low: insufficient amount of EarthOs atmosphere wouldrhewed; too small of a moon
would form
if too high: Earth would suffer too much destruction

photo erosion by nearby giant stars during planetary formation phase
if smaller: too low of a conagration of heavy elements in the péary disk
if larger: too radical of a truncation of the oupart of the planetary disk and hence etadate
formation of gas giant planets that argalt from the star

dust extinction of that region of the spiral disk where the potential Ifpastiplanet forms
if smaller: a high density rocky planet will nloé able to form; gtential life support planet
would lack the necessary pktary companions
if larger: planetary system will be filled with too many asteroids and comets resulting in too
many collision events and thelivery of too many volatiles

dustextinction in vicinity of life support planet at the time of thessxice of advanced life
if too large: intelligent observers will experience a blocked view of the galaxy anditlezam

surface density of the protoplanetary disk
if smaller: number oprotoplanets produced would be too many; average protoplanet mass
would be too small
if larger: number of protoplanets produced would be too few; average protoplanet mass would
be too large

guantity of terrestrial lightning
if less: too small or too uredble of a chargeepleted zone would exist in the Van Allen gadi
tion belts surrounding Earth making efficient communication satellite operatjposi
sible; too few forest and grass fires would be generatedequate nitrogen faion
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221.

222.

223.

224,

225.

226.

227.

228.

229.

if more: EarthOs MaAllen belts would become so weak that too much hard radiation would
penetrate to EarthOs surface to the detriment of life; too many forest and grass fires
would be generated

timing of solar systemOs last crossing of a spiral arm

if earlier: humanity woud now be too close to a spiral arm and thus would face more cosmic
rays, a colder climate, a weaker ozone shield, and a high probability of an encounter
with a large molecular clooud

if later: humanity would now be too close to a spiral arm and thus viacédmore cosmic
rays, a colder climate, a weaker ozone shield, and a high probability of an encounter
with a large molecular cloud; inadequate time for the buildup of resources provided by
previous genetions of advanced life

amount of iror60 injeced into EarthOs primordial core from a nearby type Il supernoptéoeru
if less: inadequate differentiation of EarthOs interior layers which prevents astgriongp-
port of plate tectonics and a strong magnetic field
if more: EarthOs plate tectonicsuld become too destructive; EarthOs interior structure would
become inappropriate for the support of life and advanced life in particular

density of ultradwarf galaxies in the vicinity of the potential haipport galaxy
if smaller: inadequate rate wifusion of gas and dust into the patial life-support galaxy;
long-term stable spiral structure cannot betaimed
if larger: too great of an infusion of gas and dust into the potentigduiort galaxy; spiral
structure will be disrupted

guantity d molecular hydrogen formed by the supernova eruptions of population Il stars (the first
born stars)
if smaller: inadequate formation of population Il stars (secomdrg¢ion stars)
if larger: too many population Il stars would form thereby limitingpghsduction of popution
| stars (third generation stars)

guantity of soil sulfur
if smaller: inadequate nutrients for land life
if larger: organic matter would be too rapidly decomposed

level of oxidizing activity in the soil
if smaller: inadequate oxygation of the soil for healthy root growth and the support ahah
life in the soils; inadquate nutrients for land life
if larger: organic matter would be too rapidly decomposed

level of water soluable heavy metals in soils
if lower: inadequate traceashent nutrients available for life, and especially for advanced life
if higher: catastrophic drop in soil microorganism diversity occurs

guantity of methanotrophic symbionts in wetlands
if lower: inadequate consumption and conversion of methane gas aeduaael delivery of
carbon to mosses causing too much methane and carbon dioxide to be released to the
atmosphere resulting in a global warming catastrophe
if higher: too much consumption and conversion of methane gas and too much delivery of ca
bon to mosas causing too little methane and carbon dioxide to be released te the a
maosphere resulting in a global clg catastrophe

ratio of asteroids to comets for the late heavy bombardment of Earth
if lower: inadequate delivery of heavy elements to Earth; tanynvolatiles would be deti
ered to Earth; melting of Earth would not be sufficient to adequately transform-the i
terior of Earth
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if higher: inadequate delivery of volatiles to Earth; bombardment would be too destructive;
chemical transformation of Earte@terior would become inappropriate for the long
term support of advanced life

230. rate of destruction and dispersal of dust as a result of superngtiesun the potential life
support galaxy

if lower: density of asteroids and comets will be too higttlie ptential life-support plae-
tary system resulting in too many impacts and too great a delivery of volatiles to the
potential lifesupport planet; observersO view of the galaxy aivérse will be too
heavily obscured

if higher: inadequate heavy elent material for the formation of a potial life support planet;
inadequate delivery of vdiles and heavy elements to the potentialditgport planet
from comets andsteroids

231. quantity and diversity of viruses in the oceans
if lower: inadequate bekdown of particulate nutrients into usable forms for bacteria and m
crobial communities

if higher: too much devastation of bacteria, microorganisms, and larger life forms in the oceans

232. percent of baryons processed by the first stars (population Il stahs vicinity of and inside the
primordial Milky Way Galaxy

if lower: inadequate conversion of hydrogen and helium into heavy elements; inadequate pr
duction of molecular hydrogen; too few population Il stars produced; builduptafane
will be inadequé&e and too slow

if higher: too much conversion of hydrogen and helium into heavy elements; too mucb-produ
tion of molecular hydrogen; too many population Il stars produced; star formation
would shut down too quickly before the buildup of metals would réaemecessary
levels for life

233. solar systemOs orbital radius about the center of the Milky Way Galaxy

if shorter than just inside the corotation radius: solar system will pass through the spiral arms
too many times during the history of life

if at or verynear the corotation radius: solar system will suffer a destructive mean moten res
nance

if longer than the corotation radius: inadequate supply of heavy elements for the prinwrdial s
lar system; solar system will pass through the spiral arms too maey daning the
history of life

234. quantity amommox bacteria (bacteria exploiting anaerobic ammonium oxidation reactions) in the
oceans
if lower: food chain base in oxygen depleted marine environments would be driven to too low
of a level
if higher: consumptin of fixed nitrogen by these bacteria would deprive photosynthetic life of
an important nutrient

235. quantity of soluble zinc in the oceans
if lower: too severe a limitation on the growth of nitrogen fixing marine bacteria; too severe a
limitation on the groth of phytoplankton
if higher: zinc absorption by marine organisms would reach toxic levels

236. quantity of soluble silicon and silica in the oceans
if lower: too severe a limitation on the growth of marine diatoms which would remowe-an i
portant food sourcadm the food chain and an important contributor to both nitrogen
fixation and marine aerosolquuction
if higher: silicon and silica absorption by certain marine organisms could reach toxic levels;
diatom growth could become too predominant and thus dath@gecosystem
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237. quantity of phosphorous and phosphates in the oceans
if lower: too severe a limitation on the growth of nitrogen fixing marine bacteria
if higher: growth of algae blooms could result in toxin release levels detrimental to other life
forms

238. availability of light to upper layers of the oceans
if lower: inadequate phgplankton growth in low iron content waters
if higher: phytoplankton growth in high iron content waters would become too aggressive and
thus upset that part of marine ecosystemtage phytoplankton blooms would release
too many toxins that could prove deadly to other life forms

239. average cell size of marine phytoplankton
if smaller: inadequate volume within the cells to support or adequately drive many important
cell functions
if larger: inadequate capacity of the cells to absorb important nutrients like iron and zinc

240. amount of summer ground foliage in the arctic
if smaller: lower reflectivity warms the arctic possibly leading to climagéabilities
if larger: higher reflectivity ools the arctic possibly leading to climatstabilities

241. proximity of emerging solar system nebula to red giant stars
if closer: solar system nebula would suffer too much damage from the radiation ana-gravit
tional pull of the red giant stars
if farther: solar system would not receive an adequate injection of flourine

242. number of red giant stars in close proximity to emerging solar system nebula
if smaller: solar system would not receive an adequate injection of flourine
if larger: solar system nebula wowdffer too much damage from the radiation and gaavit
tional pull of the red giant stars

243. masses of red giant stars in close proximity to emerging solar system nebula
if smaller: solar system would not receive an adequate injection of fluorine becausidit wo
take too long for these stars to attain their epoch of maximum fluorine production and
ejection
if larger: solar system would not receive an adequate injection of fluorine because stars of such
high mass produce too little flourine

244. proximity of emergig solar system nebula to fluoriegecting planetary nebulae
if closer: solar system would suffer too much radiation damage
if farther: solar system would not receive an adequate injection of flourine

245. number of fluorinegjecting planetary nebulae in clgz®ximity to emerging solar systeminga
if smaller: solar system would not receive an adequate injection of flourine
if larger: solar system would suffer too much radiation damage

246. methane production and release to the atmosphere by plants
if less: greenbuse effect in the atmosphere becomes too inefficient causing global cooling
which could lead to a runaway freezing of the planet or to climatic instabilities
if more: greenhouse effect in the atmosphere becomes too efficient causing global warming
which could lead to a runaway evaporation of the planetOs water or to climatic inst
bilities
247. quantity of dissolved calcium in lakes and rivers
if smaller: inadequate removal of carbon dioxide from the atmosphere leading to climatic i
stabilities and possible maway freezing
if larger: too much removal of carbon dioxide from the atmosphere leading to climadic inst
bilities and possible runaway evaporation of the planetOs liquid water and ice
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248.

249,

250.

251.

252.

253.

254,

255.

256.

257.

guantity of suspended calcium in lakes and rivers
if smaller: inadequateemoval of carbon dioxide from the atmosphere leading to clinratic i
stabilities and possible maway freezing
if larger: too much removal of carbon dioxide from the atmosphere leading to climadic inst
bilities and possible runaway evaporation of the pésdiquid water and ice

frequency of core collapse supernovae
if smaller: inadequate production and distribution of certain heavy elements into theliaterste
medium
if greater: too many masstinction events on the lifsupport planet

level of rock méting during tectonic fault movements
if smaller: advanced life would be subject to larger and more frequent devastatiny alees.
if larger: tectonic plate movement would become too rapid resulting in adequate continental
stability

timing of continenthgrowth spurts
if earlier: inadequate time for marine microorganisms to transform the chemical and physical
conditions of Earth for the benefit ofzanced life
if later: inadequate time for land life to transform the continental crust and soils fartbétb
of advanced life

mass of the potential life support planet
if smaller: planet will retain too light of an atmosphere and too small of an atmosphseric pre
sure; planetOs gravity will not be adequate to retain water vapor over a long period of
time; pressure in planetOs mantle will be too low resulting in a loss of mantleceondu
tivity and consequently a level of platetienics that is too weak
if greater: planet will retain too heavy of an atmosphere and too great of an atmosplseric pre
sure; gravitatinal loss of low molecular weight gases from the atmosphere will be too
low; tectonic activity level will be too strong and too short lived (it will die out too
quickly)
guantity of clay production on continental land masses
if smaller: inadequate conditiomg of soil for advanced plants; inadequate removal of carbon
dioxide from the atmosphere; inadequatggenation of the atmosphere
if greater: inadequate aeration of soil for advanced plants; too much removal of cartida dio
from the atmosphere

timing of advent of clay production on continental land masses

if earlier: reduction of EarthOs atmospheric greenhouse effect overtakes the increasosg lum
ity of the sun; bacteria will not have had sufficient time to transform the metalsiand n
trients into thorms needed by clagroducing life forms

if later: increasing luminosity of the sun overtakes the reduction of EarthOs atmospheric gree
house effect; insufficient time for the clgrming life forms and the ecosystems they
support to build up the necesgdiodeposits for humans and human civilizatiéfobe
the narrow time window for human civilization comes to an end

guantity of bacteriophages
if smaller: inadequate protection for advanced life against bacterial diseases
if greater: too much destructiof bacteria that are beneficial to advanced life

diversity of bacteriophages
if smaller: inadequate protection for advanced life against bacterial diseases
if greater: too much destruction of bacteria that are beneficial to advanced life

timing of potetial life-support planetOs birth relative to spiral substructure formation
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if earlier: inadequate supply of Ifessential heavy elements from previous generations of stars
in the galaxy

if later: too much radiation and/or gravitational disturbances ft@development of spiral
substructure (spurs, féatrs, and filaments)

258. level of warping in the Milky Way GalaxyOs spiral disk

if smaller: the lack of any significant warp would imply that the MWG has had so fewrencou
ters with dwarf galaxies that it wouttt have received an adequate infusion of gas
and dust to sustain a long enough history of star formation and the buildup of heavy
elements to make advanced life possible

if greater: such warping would cause gravitational instabilities that would eiihe¢hg solar
system out of its finely tuned orbit about the galactic center or expose it to daadly r
diation from the galactic center or one of the adjaceinalsgrms

259. date for opening of the Drake Passage (between South America andida}ar
if earlier: planetOs surface would have been cooled down prematurely relative to the gradual i
creaing luminosity of the sun
if later: planetOs surface would have been cooled down too late relative to the gradsal increa
ing luminosity of the sun

260. frequency of gammeay burst events in the galaxy
if smaller: insufficient number of the mass extinction events that pave the way for maas spec
tion events that perfectly compensate for the sunOs increasing luminosity and build up
the biodeposits required byhanced life
if greater: too many mass extinction events would disrupt the necessary history of life on Earth
that is necessary to properly compensate for the increasing luminosity of the sun and to
buildup the biodepositsriportant for the support of human civilizeuti

261. density of the galaxy
if lower: central bulge will not be big enough; spiral arms will lack the density to funaeel ad
guate heavy elements out to the distance where an advanced life planet wowdd be po
sible
if higher: dwarf galaxy merging with the galawjll not sustain adequate star formation for a
long enough period of time

262. impact energy of moeforming collidor event
if lower: insufficient debris generated to form the moon
if higher: resultant debris disk dissipates too rapidly thereby preventirigrthation of the
moon

263. density of particulates in the atmosphere
if lower: inadequate cooling of planetOs surface; inadequate cooling of planetOs troposphere and
stratosphere; disruption of rainfalltperns
if higher: too much cooling of planetOs surfase;much cooling of planetOs troposphere and
stratosphere; disruption of rainfalltperns

264. frequency of giant volcanic eruptions
if lower: inadequate delivery of interior gases to the atmosphere; insufficient buildsipnafsi
and continental land masséssufficient buildup of surface crustal nutrients
if higher: too much and toodguent destruction of life

265. degree of suppression of dwarf galaxy formation by cosmic reionization
if lower: insufficient supply of dwarf galaxies for sustaining stable sptrakture and oraing
star formation in the life support galaxy
if higher: structure of life support galaxy will be disturbed too radically by merging arid coll
sion events with dwarf gaxies
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266.

267.

268.

269.

270.

271.

272.

273.

rate at which abiotic processes deplete nitrogen from the altraespy converting that ndgen into
oceandeposited irates
if lower: inadequate supply of nitrates for diverse marine life to thrive
if higher: abundance of nitrogen in the atmosphere becomes too low to serve as an adequate
buffer gas for advanced life

rate at which biological organisms convert nitrates in the ocean into free nitrogen thaeis subs
guently released into themaosphere
if lower: abundance of nitrogen in the atmosphere becomes too low to serve as an adequate
buffer gas for advanced life
if higher: inadequate supply of nitrates for diverse marine life to thrive

silicon abundance in planetary systemOs primordial nebula
if lower: planet formation and especially rocky planet formation will be too inefficient
if higher: planetary system will pdoaice an overabundance of asteroids and comets resulting in
too many volatiles being delivered to the potential life support planet and too many
collision events for the potential life support planet; planetary system will produce too
many or too massive @hets and planetesimals causings@bphic gravitational d
turbances for the potential life support planet

rate of decrease of the thickness of the gas disk in thedgport galaxy

if lower: disk will not develop in a short enough time period theessary concentration of
heavy elements to make a ligepport planet possible; disk will not develop the sece
sary density of gas and dust to adequately protect a potentialififeort planet from
the deadly radtion emanating from the core of the galaxy

if higher: spiral substructure in the galaxy forms too quickly; disk becomes too thie-to ad
guately protect a potential Ifgsupport planet from the deadly radiation emanating from
the core of the galaxy

level of upward stirring of ocean water by krill

if smaller: inadequate replenishment of inorganic nutrients that have been depletedby phyt
plankton causing a serious drop in the productivity of phytoplankton and thetiegul
of atmaspheric chemistry by phytoplankton; inadequate exchange of atmospheric
bon dioxide with the stratified ocean interior

if greater: too much carbonakide is removed from the atmosphere; potential for problematic
algae blooms; disruption of the regulation of the atmospheric chemistry bypfamnkt
ton

production and releas#f ammonium sulfate aerosols into the atmosphere
if lower: EarthOs surface becomes warmer leading to possible clinstdtailities;
if higher: EarthOs surface becomes colder leading to possible climabditiest

timing of the great oxygenation euen
if earlier: inadequate filling of the great oxygen sinks would have occurred leadindgotbero
large scale atmospheric oxygen abundance variations during the epaviarnded life
if later: atmospheric oxygen levels required by advanced life wouldawe® been available
during the time window in which advanced life could exist

hydrogen escape from the atmosphere to outer space
if lower: too much methane is retained in the atmosphere resulting in a warming of tke atmo
phere and surface that could satclimatic instabilities and even a runaway evapor
tion of the planetOs liquid and frozen water
if higher: too little methane is retained in the atmosphere resulting inliagad the atme-
phere and surface that could cause climatic instabilities aamd@wnaway freezing of
the planetOs water

Part 2. Fine-Tuning forintelligentPhysical Life 28



274,

275.

276.

277.

278.

279.

280.

281.

282.

283.

production of H" by the galaxyOs population IlI (first generation) stars
if lower: inadequate production of population Il stars; too long of a delay in the production of
population Il stars
if higher: too aggresive production of population Il stars; too short of a period over which
population Il stars are pduced; subsequent star formation shuts down

production of H" by the galaxyOs population Il (second generation) stars
if lower: inadequate production of palation | stars or production of polation | stars is
spread out over too long of a time period
if higher: production of popation | stars occurs over too short of a time period

intensity of ultraviolet radiation arriving from the sun at the time andlgtafter lifeOs origin on
Earth (before photosghesis can establish a significant ozone shield)
if lower: synthesis of certain biochemical processes either will not proceed or will proceed too
inefficiently
if higher: many biological systems and orgaméswould be damagedayond repair

wavelength response pattern of ultraviolet radiation arriving from the sun at the time or shortly after
lifeOs origin on Earth
if longer wavelengths: synthesis of certain biochemical processes either will not proceed or
will proceed too inefficiently
if shorter wavelengths: many biological systems and organisms would be damaged keyond r
pair
gas density of the local interstellar medium
if lower: inadequate suppression the heliosphere resulting in too little infall ofrdostlie
Kuiper Belt and Oort Cloud and too little penetration of galactic cosmic rays which
cause too little climatic cooling and too little ozone layer suppression respectively
if higher: too much suppression of the heliosphere resulting in moreaffdlist from the
Kuiper Belt and Oort Cloud and more penetration of galactic cosmic rays which cause
climatic cooling and ozone layermaression respectively

mass of the disk of dust, asteroids, and comets for the primordial planetary system
if smaller: kte heavy bombardment will not be intense enough to adequately transform the i
terior of the potential life support planet; inadequate bombardment during liéeg hi
to generate thexéinction events to prepare the planet for advanced life
if greater:orbits of the planets become too chaotic

maghnitude of tidal Coulomb stresses (stress imparted by tides on tectonic fault zones)
if smaller: tectonic events will become more violent
if greater: tides will cause too much disruption and/or destruction ofneontél shelf habitats
and continental shelf life

amount of methane stored in ocean clathrates
if smaller: inadequate methane would be available for certain critical chemoautotrophs
if greater: serious risk of one or more massive global warming eventsothidtdevastateda
vanced life

ratio of viscous to rotational forces in the planetOs liquid core
if smaller: inadequate chemical and physical exchanges between the lower mantle and the core
and between the inner and outer core
if greater: serious disruptis in the operation of the planetOs dynamo would radically disturb or
deteriorate the planetOs magnetic field and tectonics

planetOs oxygenation time (time for atmospheric oxygen to reach a level capable of sugporting a
vanced life)
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if longer: planetOsat will no longer be stable enough to provide a steadyetbal ilu-
mination

if shorter: oxygenation either would continue rising reaching a level that would no lopger su
port longlived advanced animals and would lead to too many grass and forsgirfire
the oxygenation levels would vary too much fab$ advanced life ecosystems

284. inward migration of icy rubble from the outer primordial planetary disk
if smaller: potential life support planet will be too dry
if greater: potential life support planeither will be too wet or too water vapor laden

285. timing of the appearance of methanogenic bacteria relative to the timing of the appearate- of ph
synthetic bacteria
if earlier: causes a ndimear runaway increase of the accumulation of methane in trasatm
phere which would result in a greenhouse effect that would evaporate all of the
planetOs water
if later: inadequate input of methane in the atmosphere to build up enough of a greefthouse e
fect to compensate for the fainter sun at that time

286. relative abundnce of methanogenic life compared to photosynthetic life
if smaller: inadequate input of methane into the atmosphere which results in too weak of a
greenhouse effect thereby dir@g to catastrophic cooling
if greater: too much input of methane into thmas$phere which results in too strong of a
greenhouse effect thereby dizag to catastrophic heating

287. ratio of iron to chondritic meteorites at the time and place of EarthOs birth
if smaller: Earth will not be dense enough; Earth would not sustain dilogd)strong mg-
netic field and plate tectonics
if greater: Earth will be too dense; EarthOs crust would be teddtgrEarthOs dynamo will
not be stable enough

288. number of ultracompact dwarf galaxies in the vicinity of the potential life support galaxgdhbat
galaxyOs youth
if lower: potential life support galaxy will not grow to a large enough size; inadequaterstar fo
mation during the potential life supportlgayOs youth
if higher: potential life support galaxy will grow too large; structure of thtential life syport
gdaxy will become too distorted

289. number of starless hydrogen gas clouds in the near vicinity of the potential life support galaxy
if smaller: insufficient infusion of gas into the galaxy to sustain the spiral structure and a suff
ciertly high level of ongoing star formation in the galaxy
if greater: too much infusion of gas into the galaxy resulting in the formation of too miuch sp
ral substructure and/or too much growth in the galaxy

290. average mass of starless hydrogen gas cloude inghr vicinity of the potential life support galaxy
if smaller: insufficient infusion of gas into the galaxy to sustain the spiral structure and a suff
ciently high level of ongoing star formation in the galaxy
if greater: too much infusion of gas inteetgalaxy resulting in the formation of too mucli sp
ral substructure and/or too much growth in the galaxy

291. dust to gas ratio in and near the core of the potential life support galaxy during that galaxyOs youth
if smaller: insufficient production of moleculaydrogen in this region leading to an iead
quate star formation rate early in the galaxyOs history
if greater: too much production of molecular hydrogen in this region leading to too high of a
star formation rate early in the galaxyOs history which imlimits the later formation
of population | type stars

292. dust temperature in and near the core of the potential life support galaxy during that galaxyOs youth
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if lower than 10jK: formation of molecular hydrogen is suppressed which causes star form
tion in this region to cease or become severely limited

if higher than 500iK: formation of molecular hydrogen is suppressed which causes star form
tion in this region to cease or become severely limited

if too close to the ideal temperature for formation of mdbeackiydrogen: too high of a star
formation rate in this region early in the galaxyOs history which limits the latex-form
tion of population | stars

if too far from the ideal t®perature for formation of molecular hydrogen: inadequate star fo
mation rate irthis region early in the galaxyOs history

293. gas temperature in and near the core of the potential life support galaxy during that galaxyOs youth

if higher than a few hundred jK: formation of molecular hydrogen in this region is suppressed
which causes stdormation to cease orebome severely limited

if too close to the ideal temperature for formation of molecular hydrogen: too high of a star
formation rate in this region early in the galaxyOs history which limits the latex-form
tion of population | stars

if too far from the ideal teperature for formation of molecular hydrogen: inadequate star fo
mation rate in this region early in the galaxyOs history

294. dust to gas ratio in the mid to outer parts of the potential life support galaxy during that galaxyOs
youth
if smaller: insufficient production of molecular hydrogen in this region leading to ae-inad
quate star formation rate early in the galaxyOs history
if greater: too much production of molecular hydrogen in this region leading to too high of a
star formatbn rate early in the galaxyOs history which in turn limits the later formation
of population | type stars

295. dust temperature in the mid to outer parts of the potential life support galaxy during that galaxyOs
youth

if lower than 10jK: formation of moleculdrydrogen in this region is suppressed which causes
star formation to cease or become severely limited

if higher than 500iK: formation of molecular hydrogen in this region is suppressed which
causes star formation to cease or becamersly limited

if too close to the ideal temperature for formation of molecular hydrogen: too high of a star
formation rate in this region early in the galaxyOs history which limits the latex-form
tion of population | stars

if too far from the ideal t@mperature for formationfanolecular hydrogen: inadequate starfo
mation rate in this region early in the galaxyOs history

296. gas temperature in the mid to outer parts of the potential life support galaxy during that galaxyOs
youth

if higher than a few hundred jK: formation of molésruhydrogen in this region is suppressed
which causes star formation to ceaseamolmne severely limited

if too close to the ideal temperature for formation of molecular hydrogen: too high of a star
formation rate in this region early in the galaxyOstjisthich limits the later fori-
tion of population | stars

if too far from the ideal t{@perature for formation of molecular hydrogen: inadequate star fo
mation rate in this region early in the galaxyOs history

297. quantity of carbon monoxide in the potentiéd lsupport galaxy early in its history
if lower: inadequate cooling of the molecular gas clouds causing too few stars to form at this
time
if higher: too much cooling of the molecularsgaouds causing too many starform at this
time which limits howmany stars can form later
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298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

guantity of carbon monoxide in the potential life support galaxy late in its history
if lower: inadequate cooling of the molecular gas clouds causing too few stars to form at this
time
if higher: too much cooling of the moleculgas clouds causing too many stars to form at this
time, stars whose radiation and gravity could disrupt life on a life support planet

number density of dark matter minihalos in the primordial Local Group
if lower: galaxies in the Local Group will not grdast enough and/or large enough
if higher: galaxies in the Local Group will grow too quickly and/or grow to be too large

intensity or speed of highelocity galactic outflows during the youth of thetgntial life support
galaxy
if lower: not enough gas drdust is ejected from the galaxy resulting in the galaxy growing to
too large of a size and especially causing the galactic bulge to become too large and
too massive
if higher: causes star formation to terminate too quickly; too great a loss of heagntdem
from the galaxy

thickness of the thick disk for the potential life support galaxy
if thinner: spiral disk will not remain sufficiently stable, sufficiently flat, and/or sufficiently
free of substructure for a long enough period of time
if thicker: spral disk will not be dense enough resulting in inadequate protection for the pote
tial life support planet from deadly radiation emanating out from the galaxyOs central
bulge

rate at which the thick disk for the potential life support galaxy growmséii
if faster: spiral disk will not remain sufficiently stable, sufficiently flat, and/or sufficiently free
of substructure for a long enough period of time
if slower: spiral disk will not be dense enough resulting in inadequate protection for the pote
tial life support planet from deadly radiation emanating out from the galaxyOs central
bulge

mass of the corona surrounding the potential life support galaxy
if smaller: inadequate reservoir of baryons for sustaining ongoing staation
if greater: too largefaeservoir of baryons for sustaining ongoing star formation resulting in a
too aggressive rate of ongoing star fation

diameter of the corona surrounding the potential life support galaxy
if smaller: reservoir of baryons in the corona will too efficigisustain ongoing star formation
in the galaxy resulting in a too aggressive rate of ongoing star formation
if greater: reservoir of baryons will not sustain an efficient enough ongoing star formation rate
for the galaxy

average strength of local gravitatal instabilities in the potential life pport galaxy
if smaller: gas collapse is too slow and too inefficient resulting in too slow of a rate of star
formation
if greater: gas collapse is too quick and too efficient resulting in a too rapid rate foir stz
tion
date of the last large merging event with the potential life support galaxy
if earlier: inadequate growth in the galaxy; inadequate infusion of gas and dust inttathe ga
inadequate star formation later in théayegOs history
if later: mophology of the galaxy remains too disturbed atdifitical epochs in the galaxyOs
history; star formation history would besdipted

distance of the snow line from the primordial sun at the time of plarmaaf@mn
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308.

3009.

310.

311.

312.

313.

314.

315.

316.

if closer: gas giant planets will fortno close to the sun; inner solar system would be taa-vol
tile rich

if farther: gas giant planets will form too distant from the sun; inner solar system would be
volatile poor

distance of the tar line from the primordial sun at the time of planetfimm
if closer: Jupitettype planet and main belt asteroids will form too close to the sun; inner solar
system bodies will be gravitationallysdiipted
if farther: Jupitettype planet and main belt asteroids will form too far from the sun; Earth will
not be adquately potected from comet and asteroid collisions from incoming objects
from the Kuiper Belt and Oort Cloud

outer radius of the Odead zone,O theviewosity, verylow-ionization zone for the primordial
planetary disk
if closer: gas giant planets Wibrm too close to the sun; inner solar system would be too
gravtationally disturbed
if farther: gas giant planets will form too distant from the sun; inner solar system would not be
adequately protected from comet and mstecollisions

cooling efficiency of the protoplanetary disk
if smaller: either gas giant planets will not form or they will be too small , too few, ordeo di
tant from their star
if greater: gas giant planets either will be too close to their star outoerous or too massive

outerprotoplanetary disk lifetime
if shorter: inadequate initiahivard migration of gas giant planets
if longer: too much initialnward migration of gas giant planets

solid to gas ration in the outer protoplanetary disk
if smaller: either gas giant piats wil not form or they will be too small or too few; gas giant
planet formation times will be too long
if greater: gas giant planets either will be too numerous or too massive; gas giant plaaet form
tion times will be too short

level of large scale turbuleadn the protoplanetary disk
if smaller: inadequate transfer of refractory phases from the inner solar system to the-outer s
lar system; inadequate transfer of cadimmous materials from the interstellar medium
and the outer solar system to the innerrsgyatem
if greater: too much transfer of refractory material from the inner to the outer solar system; too
much transfer of carbonaceous materials from the interstellar medium and theeuter s
lar system to the inner solar system; too much chaos intrddadbe protoplagtary
disk
tidal stripping of lowmass dark matter halos during the early history of the Local Group of galaxies
if smaller: either too many dwarf galaxies would form or too manygsiar intergalactic dark
matter structures wouldkist
if greater: either not enough dwarf galaxies would form or not enoughataintergalactic
dark matter structures would exist

efficiency of gas cooling in lownass dark matter halos during the early history of the Local Group
of galaxies

if smaller: ealy star formation in Local Group dwarf galaxies would be too aggressive

if greater: early star formation in Local Group dwarf galaxies would not be aggressive enough

intensity of extragalactic ultraviolet radiation in the vicinity of lovass dark matteratos during
the early history of the Local Group of galaxies
if smaller: early star formation in Local Group dwarf galaxies would not be aggressive enough
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318.

3109.

320.

321.

322.

323.

324,

325.

326.

327.

328.

329.

if greater: early star formation in Local Group dwarf galaxies would be too aggressive

average magtie energy density in the quiet solar photosphere
if smaller: inadequate heating of the solar corona; inadequate saaradpheric radiation
if greater: too much heating of the solar corona; too much solar chpberic radiation

number of tectonic plagemaking up the surface crust
if fewer: too few continents and large islands; inadequate subduction; volcanism and tectonic
movements either will be too little or too much
if greater: too many continents and large islands; too much subductloanisom ad tectonic
movements either will be too little or too much

number density of spicules on the solar surface
if smaller: inadequate transfer of mass into the solar corona; spectral luminosity profile of the
sun would be disturbed
if greater: too much trangfef mass into the solar corona; spectral luminosity profile of the sun
would be disturbed

proximity of the primordial solar system nebula to the remnants of eruptions of novae
if closer: solar system nebula would be eeariched in silicorcarbon grains
if farther: solar system nebula would be undariched in silicorcarbon grains

supernova rate in the life support galaxy
if smaller: inadequate prodiion of heavy elements
if greater: cosmic ray intensity would be too great

timing of the initiation of arichment of the interstellar medium witkpsocess elements for thep
tential life-support galaxy
if earlier: star formation may shut down too soon; spiral structure may collapse or become too
chaotic
if later: inadequate supply ofrocess elements walibe available for the potential life
support planet

proximity of the emerging solar system nebula to either a white dwarf or a neutron stardhat is a
creting hydrogen gas or to the stellar winds blowing out from a neutron star or a collapsar disk
if closer: solar system nebula will be disrupted or stripped of gas
if farther: solar system nebula will fail to be adequately enriched wittopess elements that
are heavier than iron

density of baryons in the Local Volume of the universe
if smaller: galaxiesvould be too small and numerically too sparse
if greater: galaxies would be too big and too numerous

ratio of baryons in galaxies to baryons in between galaxies in the Lotahémf the universe
if smaller: galaxies would be too small and numericaltysparse
if greater: galaxies would be too big and too numerous

density of baryons in the Local Group of galaxies
if smaller: galaxies would be too small and numerically too sparse
if greater: galaxies would be too big and too numerous

ratio of baryons irgalaxies to baryons in between galaxies in the Local Group of galaxies
if smaller: galaxies would be too small and numerically too sparse
if greater: galaxies would be too big and too numerous

epoch of peak star formation in the potential life supportgala
if earlier: not enough stars form late in the galaxyOs history
if later: too many stars form late in the galaxyOs history

mass of the galaxyOs central black hole
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if smaller: central bulge of the galaxy will be too small; the central bulge will be ®daa
if greater: central bulge of the galaxy will be too large; the central bulge will be too gas poor

330. ratio of type | to type Il supernovae in the potential life support galaxy
if smaller: will not have the right mix of heavy elements for the potelifgadupport planet
if greater: will not have the right mix of heavy elements for the potential life support planet

331. ratio of polycyclic aromatic hydrocarbons to stars in the galaxy
if smaller: planet formation in the galaxy will be suppressed; too fewlatgu | stars (late
born stars) in the galaxy
if greater: too many asteroids and comets will form; late history star formation will bg-too a
gressive

332. number density of intracluster clouds in and around the Local Groupaigs
if smaller: inadequate fasion of gas and dust into the Milky Way Galaxy for sustaining-suff
cient rate of ongoing star formation
if greater: Milky Way Galaxy and hence the solar system will be tocakyl disturbed

333. average mass of intracluster clouds in and around the Looap@f galaies
if smaller: inadequate infusion of gas and dust into the Milky Way Galaxy for sustainiitg suff
cient rate of ongoing star formation
if greater: Milky Way Galaxy and hence the solar system will be tocakyl disturbed

334. metallicity of the gaxyOs halo
if lower; inadequate infusion of metals into the galaxyOs disk
if higher: too much development of spiral substructure or too muckrioistce of the main
spiral structure

335. inward migration of icy metesized rubble from the outer part of the joplanetary disk
if smaller: potential life support planet will become too dry
if greater: potential life support planet will become too wet

336. density of stars in the sunOs birthing star cluster
if smaller: solar system will retain too many of its primorddart Cloud and Kuiper Beltln
jects which leads to greater impact rates on Earth; solar system will not capture enough
bodies from praiplanetary disks surrounding nearby stars
if greater: solar system will lose too many of its primordial Oort Cloud anpekBelt djects
which leads to an inadequate impact rates on Earth; solar system may capture too many
bodies from protoplanetary disks surrounding nearby stars

337. carbon abundance in the protoplanetary disk of the potential life support planetary system
if smaller: potential life support planet will become too carbon poor
if greater: potential life support planet will become too carbon rich

338. number density of dark matter subhalos surrounding the galaxy
if smaller: inadequate infusion of gas and dust intogédaxy N
if greater: too much star foration would occur in the outer parts of the galaxyOs disk

339. average mass of the dark matter subhalos surrounding the galaxy
if smaller: inadequate infusion of gas and dust into the galaxy
if greater: too much star foration would occur in the outer parts of the galaxyOs disk

340. formation times for the dark matter halo and subhsdesounding the galaxy
if earlier: too many satellite ¢axies and satellite gas clouds will form
if later: too few satellite gakies and satellé gas clouds will form

341. ratio of average surface magnetic field strength to the expansion factor of open magnetic flux tubes
on the sun
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343.

344.

345.

346.

347.

348.

349.

if smaller: solar wind speed will be too low; not enough suppression of EarthOs ionosphere or
of ozone in the stratospleer

if greater: solar wind speed will be too high resulting in too many and too intense geomagnetic
storms; too much suppression of EarthOs ionosphere, and too much destruction of
ozone in the stratosphere

rate of growth of the galactic bulge in the spiralagy
if slower: buildup of heavy element abundance would take place too slowly; galaxy will be too
metal poor
if faster: buildup of heavy eilnent abundance would occur too quickly; galaxy will be too
metal rich; galaxyOs physical structure would probadtpme too disturbed

strength of the ultraviolet background for the protogalaxy
if weaker: protogalaxy will collapse too efficiently and too quickly; spiral structure will not
form or too much star foration will occur early in the galaxyOs history
if stronger: protogalaxy either will not collapse or it will collapse too slowly and tod-ineff
ciently; spiral structure will not form or too few stars will form early in the galaxyOs
history

proximity of the emerging solar system nebula to very low mass asd gind asymptotic giant
branch stars
if closer: emerging solar system nebula will be exposed to too much radiation and may suffer
too much gravitational disthance
if farther: emerging solar siem nebula will not be adequately enriched with lagcgned
graphite, silicon carbide pcundum, and spinel

richness or density of galaxies in the supercluster of galaxies
if smaller: inadequate supply of dwarf galaxies for sustaining the spiral structure and the star
formation history for the potential life pport galaxy
if greater: density of galaxies would be so great as to disturb the structure and the star form
tion history of the potential life support galaxy

misalignment angle between the magnetic and rotational axes of the star during the platieinform
era
if smaller: inadequate inward migration of the planets from their birthing sites in the- prot
planetary disk
if greater: too much inward migration of the planets from their birthing sites in the praeplan
tary disk

infall velocity of matter into thelark matter halo of the potential life support galaxy
if smaller: inadequate accretion of matter; inadequate accretion of satellite dark matter halos;
dark matter halo remains too samll
if greater: too much accretion of matter; too much accretion ofisaddirk matter halos; dark
matter halo becomes too large

quantity of hydroxyl (OH) in the planetOs troposphere
if smaller: too much methane and carbon monoxide would accumulate in the planet®s atmo
phere resulting in a powerful greenhouse effect andnatspy problems for advanced
life; too little ozone would be produced in the toephere
if greater: not enough methane would accumulate in the planet@plagneo too much ozone
would be produced in the troposphere

quantity of hydroxyl (OH) in the plan®s stratosphere
if smaller: too much methane and carbon monoxide would accumulate in the planet®s atmo
phere resulting in a powerful greenhouse effect and respiratory problems for advanced
life; too little ozone would be produced in the stspthere
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355.

356.

357.

358.

359.

360.

if greater: not enough methane would accumulate in the planetGpla¢ne too much ozone
would be produced in the stratosphere

level of magnetization of the spiral disk for the potential life support galaxy
if smaller: spiral structure will lack long term siiitly
if greater: too much spiral bstructure (spurs and feathers) will develop

metallicity of the galaxyOs halo
if smaller: inadequate infusion of heavy elements into the habitable zone of the galaxy
if greater: too much disturbance of the spiralctnee of the galaxy or too much growth in the
gdaxyOs main structure and/or substructure

strength of the wind emanating from the galaxyOs nuclear core
if smaller: galactic bulge will grow too large; inadequate heavy element enrichment of-the ga
axyOs hataible zone
if greater: galactic bulge will remain too small; too great a buildup of spiral substructure; too
much disturbance of the lgaxyOs habitable zone

mass of the initial or primordial galaxy
if smaller: rate if merger events with other galaxied bél too low
if greater: rate of merger events with other galaxies will be too high

mass of the galaxyOs central black hole
if smaller: outflow from the vicinity of the black hole will not adequately suppress staaform
tion in the galaxy
if greater: outflev from the vicinity of the black hole will too aggressively suppress starafo
tion in the galaxy

date for the formation of the galaxyOs central black hole
if earlier: outflows from the vicinity of the black hole may too quickly or too aggressivply su
pres star formation in the galaxy
if greater: outflows from the vicinity of the black hole may not adequately suppress star form
tion early enough or aggsvely enough

level of mixing of the elements and chemicals in the protoplanetary disk
if smaller: Earh will not have an adequate abundance of the lighéemazits and compounds
if greater: Earth will not possess an adequate abundance of the heaviest elements and co
pounds

level of enhanced mixing in the interiors of lomass red giant stars that werehm vicinity of the
solar systemOs poptanetary disk

if smaller: inadequate infusion of flouring into the solar systemQspfaoetary disk

if greater: too much infusion of fluorine into the solar systemOs protespladisk

date when half the stars the galaxy would have already been formed
if earlier inadequate buildup of heavy elements
if later: too much disruption of the galaxyOs structure and radiation late in its history

density of dwarf dark matter halos in the vicinity of the Milky Way Galaxy
if smaller: number of smalicale merger events will be too low to mtain the GalaxyOs spiral
structure and ongoing star formatiomsthry
if greater: number of smaticale merger events will be too high resulting in too much growth
and too much disturlmae of the Galaxy

metallicity enrichment by dwarf galaxies of the intergalactic medium inittieity of the mtential
life support galaxy

if smaller: inadequate metah@chment of the galaxy

if greater: too much metahdchment of the galaxy
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365.

366.

367.

368.

369.

370.

averagestar formation rate throughout cosmic history for dwarf galaxies that are in the vicinity of
the potential life support galaxy
if smaller: too much infusion of gas into the potential life support galaxy which results in too
aggressive episodes of starrfation in that gkaxy during the potential life support
epoch
if greater: inadequate infusion of gas into the potential life support galaxy which results in too
anemic episodes of star formation in that galaxy leading up to the potentiaplifersu
epoch

guantity of heavy elements infused into the indkxrgtic medium by dwarf galaxies in the vicinity of
the potential life spport galaxy during the first two billion years of cosmic history

if smaller: inadequate metah@chment of the galaxy

if greater too much metalmichment of the galaxy

guantity of heavy elements infused into the intergalactic medium by the superwinds of laxigsgala
in the vicinity of the potential life support galaxy during the first two billion years of cosmstmi

if smdler: inadequate metahdchment of the galaxy

if greater: too much metahdchment of the galaxy

guantity of diffuse, larggrained intergalactic dust in the vicinity of the potential life support
gdaxy
if smaller: inadequate enrichment of certagatty elements into the galaxy during its late hi
tory
if greater: too much enrichment of certain heavy elements into the galaxy during itsttate hi

ratio of baryonic matter to exotic matter in dwarf galaxies in the vicinity of the potential fipersu
galaxy
if smaller: dwarf galaxies will not be stable enough and hence will be subject to earlp-dissip
tion and/or destruction
if greater: dwarf galaxies will cause too great of a gravitational disturbance when thby are a
sorbed by the potential life pport galaxy

ratio of baryons in the intergalactic medium relative to baryons in the circumgalactic medium for the
potential life support galaxy

if smaller: galaxy will receive too many merger events with other galaxies

if greater: galaxyOs structure wiidit be stable for a long enough period of time

intergalactic photon density in the vicinity of the potential life suppdebya
if smaller: optical depth of intergalactic space in the vicinity of the galaxy will be toodow r
sulting in too much deadly ration from gamma ray burst events and other high
energy phenmena in the universe
if greater: optical depth of intergalactic space in the vicinity of the galaxy will be toodtigh r
sulting in an inadequateguction of certain heavy elements and inadegsatding
of the life support planetOs@sphere

frequency of meg&olcanic eruptions on the life support planet
if lower: inadequate repleriment of soil fertility; inadequate number of mass extinction
events
if higher: too much disturbance of the géblzlimate; too many masstinction events
timing of the introduction of the equivalent of a human species relative to the lasvalegaic
eruption
if too soon: global climate and the ozone shield will not have had adequate time to recover
if too late too high of a risk of a subsequent megédcanic eruption; inadequate soil etric
ment

percentage of the planetOs surface covered by forests
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374.

375.

376.

377.

378.

379.

if smaller: inadequate absaion of carbon dioxide from the atmosphere resulting in too much
global warming; alteed albedo of the planet disturbs global climate; inadeqektase
of aerosols to the atmosphere lowers global rainfall; inadequate habitat spaae for ce
tain plant and animal species

if greater: too much absorption of carbon dioxide from the atmospbsu#ing in too much
global cooling; altered albedo of the planet disturbs global climate; too much release of
aerosols to the atmosphere increases global rainfall; inadequate habitat spaee for ce
tain species of plants and animals

high latitude precipitébn
if lower: inadequate moisture for abundant high latitude biota
if higher: too much high latitude glaciation

duration of El Nino events
if shorter: rainfall distribution becomes too uneven
if longer: rainfall distribution becomes too uneven; too mucial waming

guantity and diversity of plant parasites
if lower: inadequate nutrienicling in the soils; reduced plant diversity
if higher: too much devastation of plants

guantity and diversity of fungi on the continental land masses
if lower: inadequatg@roduction of clays and clay sediments leading to an inadequate rate of
burial of organic carbon which in turn results in too little and too late oxygenation of
the planetOs atmosphere
if higher: too much devastation of plants and animals

guantity of voldile organic compounds released into the atmosphere by trees
if lower: inadequate removal of ground level and tropospheric ozone; inadequate removal of
hydroxyl radicals from the troposphere; inadequate production of organic hazs; inad
guate production abrganic aerosols
if higher: too much removal of ground level and tropospheric ozone; too much remoyal of h
droxyl radicals from the eposphere; too much production of organic haze; too much
production of oganic aerosols

average pore pressure at sulguczones
if lower: inadequate lubrication of subduction zones leads to many destraarthquakes
if higher: too much slippage will occur at subduction zones causing continental plate mov
ments to become too rapid

average rate of migration of aqueolisds through the planetOs upper crust
if lower: inadequate heavyetal ore deposits will be generated
if higher: planetOs upper crust becomes too unstable

trace element abundance in atmospheric dust

if lower: inadequate delivery of critical nutrients torface marine life which limits both the
rate of calcification by marine life and thegsiestration of carbon into the deep ocean
which in turn affects the globaliohate

if higher: delivery of critical nutrients to surface marine life leads to large hlgaims which
can poison certain life forms and which increases the rate of calcification by marine
life and the sequestration of carbon into the deep ocean which in turn affects the global
climate

level of dust supply to the surfaces of oceans
if lower: inadequate delivery of critical nutrients to surface marine life which limits both the
rate of calcification by marine life and thegsiestration of carbon into the deep ocean
which in turn affects the globaliohate
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384.
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386.
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388.

389.

if higher: delivery of critical nutriestto surface marine life leads to large algal blooms which
can poison certain life forms and which increases the rate of calcification by marine
life and the sequestration of carbon into the deep ocean which in turn affects the global
climate

soil moisturelevel
if lower: inadequate precigiion upon continental land masses
if higher: too much precipitation upon continental land masses

level of deep ocean convection
if lower: inadequate oxygetion of the deep ocean; deep sea life suffers
if higher: inadguate oxygen supplies for life just below the ocean surface

rate of remineralization of particulate organic matter
if lower: export of carbon from the surface ocean to the deep ocean and the ocean floor is much
reduced resulting in a buildup of carbon dain the atmosphere and sadpgent
global warming and a possible runaway evaporation of water
if higher: export of carbon from the surface ocean to the deep ocean and the ocean floor is
much enhanced resulting in a reduction of carbioxide in the atmsphere and du4
sequent global cooling and a possible runaway freezeup

guantity of largecelled sulfur bacteria in the oceans
if lower: inadequate deposition of phosphates and phosphorite on the sea floor theraby remo
ing a major source of future phosphorugrients for land life and a major source of
phosphate and phosphorite deposits for human estidwit
if higher: inadequate phosphorus will be available to sustain a lavgebs of surface marine
life
guantity of sulfuric acid in the troposphere
if lower: inadequate formation of cloud condensation nuclei causing less rain to fall gnd a si
nificant change in the planetOs albedo
if higher: acid rain negatively impacts the biosphere

guantity of ammonia in the troposphere
if lower: inadequate formation @afoud condensation nuclei causing less rain to fall and-a si
nificant change in the planetOs albedo
if higher: advanced life forms will experience respiratory problems; acid rain negatively i
pacts the biosphere

guantity of iodine oxide in the troposphere
if lower: inadequate formation of cloud condensation nuclei causing less rain to fall gad a si
nificant change in the planetOs albedo
if higher: certain life forms may esperie4nce toxic levels of iodine while others may suffer
from a lack of iodine

level d atmospheric oxidation of aromatics
if lower: inadequate formation of cloud condensation nuclei causing less rain to fall gad a si
nificant change in the planetOs albedo
if higher: advanced life forms will experience respiratory impairment or respirtituye

guantity of fallen leaf litter
if lower: inadequate amounts of silica are returned to the soil
if higher: inadequate oxygenation of the soil; damage from fires consuming leaf litteg-can b
come too destructive; growth inhibitors in the soil wouldwuwulate

guantity and extent of wetland ecosystems
if lower: inadequate burial of organic carbon resulting in too much carbon dioxide it the a
mosphere; inadequate habitat and feeding space for a wide variety of bird species
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398.

399.

400.

if higher: too much burial ofrganic carbon resulting in too little carbon dioxide in the a&mo
phere

guantity of endophytic methanotrophic bacteria in freshwater wetlaosysgtems
if lower: too much methane will be released to the atmosphere resulting in global warming; i
adequate suply of carbon to wetland plants; inadequate denitrification of nitrate
if higher: not enough methane will be released to the atmosphere resulting in global cooling

guantity of marine methanotrophic archaea
if lower: too much methane will be released te #imosphere resulting in global warmingy, i
adequate supply of carbon to wetland plants
if higher: not enough methane will be released to the atmosphere resulting in global cooling

guantity and diversity of viruses in the oceans
if lower: inadequate cortt of planktonic species; inadequate control of algal bloomgar-
ment of nutrient cycling
if higher: mortality rate for ocean life becomes too high; impairmentisfemt cycling

guantity of termites
if lower: inadequate release of methane into theoaprhere resulting in global cooling; ired
guate recycling of timber and other celluloid products
if higher: too great a release of methane into the atmosphere resulting in global warming; too
much destruction of wooden structures

guantity and diversity afiderophoresecreting bacteria in the oceans
if lower: inadequate acquisition of iron by marine life
if higher: too great iron acqutsn can lead to the development of deadly algal blooms

guantity of carbon dioxide extracted from the mantle by meltimgath midocean ridges
if lower: inadequate rate oélease of carbon dioxide into the atmosphere
if higher: too great a rate oflease of carbon dioxide into the atmosphere

guantity of carbon dioxide extracted from the mantle by volcanic eruptions
if lower: inadequate rate oflease of carbon dioxide into the atmosphere
if higher: too great a rate oflease of carbon dioxide into the atmosphere

guantity of soil nitrogen
if lower: plant growth is limited especially the capacity of plants to remove caibaite
from the atmosphere whickaults in global warming
if higher: nitrogen compounds could reach toxic levels or the growth of plants could be so
stimulated that too much carbon dioxide is removed from the atmosphere resulting in
global coding

guantty of marine snow (dead cells, shreds of plankton, bits of faeces, and mineral grains) in the
oceans
if lower: inadequate release of organic carbon into the deep ocean and ocean bottom for the
life forms that reside there; inadequate removal of carbaxidé from the atmgphere
if higher: too much removal of carbon dioxide from the atmosphere

radiaive thermal conductivity of the lower mantle
if lower: convection in the mantle will be too vigorous which will make the tectonic plates too
unstable and resduin too much plate tectonic activity
if higher: convection in the mantle will be too tepid which will result in too weakle¥el of
plate tectonic actity

average size of aerosol particles in the troposphere
if smaller: cloud drop nucléiamg activity will be too low causing less rain to fall
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if larger: cloud nucleating activity will be too high either causing too much rain to fall ef cau
ing rainfall to be much less evenly distributed over the planetOs surface

401. rate of atmospheric dust deposition itihe oceans

if lower: inadequate infusion of nutrients (iron, phosphorus, nitrogen, etc.) essential for the
growth and productivity of plankton

if higher: erosive effects on the continental land masses will disturb and/or destroy many land
life forms; prodictivity and diversity of land life will suffer

402. level of mixing in the early protoplanetary disk of the solar nebula

if lower: proto-Earth would not receive a great enough diversity ehehts and compounds
if higher: the development of small bodies ie ttisk would be too limited; the protearth
would be enriched sufficiently in very heavemients
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