
Habitabilidade



O Problema

da “Cachinhos Dourados”

ou, mais prosaicamente, 

sintonia fina



Habitabilidade
Três níveis

• Cosmos Biofílico

• Zona Habitável Galáctica 

• Zona Habitável Estelar



Nível mais básico

da habitabilidade

“Zona da Cachinhos Dourados”

nos sistemas planetários

Zona Habitável Estelar



A História da Cachinhos Dourados

Nem quente demais, senão ferve

Nem frio demais, senão congela

No Sistema Solar:

Vênus sempre foi quente demais

Marte, no passado, já esteve no 
ponto.

A Terra em geral esteve no 
ponto, exceto em duas ocasiões 
de quase total congelamento
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The Habitable Zone (HZ) 
Definition: region around a star where the 

Temperature on the surface of an eventual planet 

or moon can afford the presence of liquid water. 

Conditions: the position and width of the HZ 

depends on the presence and composition of the 

atmosphere (greenhouse effect - GE).

On EARTH: GE raises temperature by ~33 °C

Dependence on pressure: the presence of liquid 

water requires not only a temperature range but also 

a minimum pressure (610 Pa)



Phase Diagram for Water

Triple Point

273.16 K, 611.73 Pa

Critical Point

647 K, 22.064 MPa



H2O

CO2

Não pode haver H2O líquido abaixo de 0.006 atm (Marte)

Não pode haver CO2 líquido abaixo de 5 atm – gelo seco

Separatriz sólido-liquido

do H2O inclinada para a direita

 gelo da H2O mais leve que a líquida

do CO2 inclinada para a direita

 gelo do CO2 mais denso que o líquido



The Earth’s temperature (about 300K) is maintained 

by the energy radiating from the Sun.

6,000 K 300 K

Example: Earth-Sun



Planetary Energy Balance

• We can estimate average planetary 

temperature using the Energy Balance 

approach  

Ein = Eout



How much solar energy gets to the Earth?

Assuming solar radiation covers the area of a circle 

defined by the radius of the Earth (re)

Ein = So (W/m2) x  re
2 (m2)

Ein = So x  re
2 (W)

Ein
re

Ein



How much solar energy gets to the Earth’s surface?

**Some energy is reflected away**

 Albedo (A)

Ein = So x  re
2 x (1-A)

Ein



Ein

Eout

Energy Balance:

The amount of energy delivered to the Earth is 

equal to the energy lost from the Earth.

Otherwise, the Earth’s temperature would 

continually rise (or fall).

Eout



 Stefan-Boltzmann law

F =  T4

F = flux of energy (W/m2)

T = temperature (K)

 = 5.67 x 10-8 W/m2K4 (a constant)

Eout



Energy Balance:

Ein = Eout

Ein = So  re
2 (1-A)

Eout =  T4(4  re
2)

Eout

Ein



Energy Balance:

Ein = Eout

So (1-A) =  T4 (4)

T4 =  So(1-A)

4

Eout

Ein



Objeto/Superfície Albedo

Terra 0.306

Lua 0.22

Mercúrio 0.088

Vênus 0.76

Marte 0.25

Júpiter 0.503

Saturno 0.342

Urano 0.300

Netuno 0.290

Europa (lua de Júpiter) 0.67

Encélado (lua de Saturno) 0.81

19P/Borrely (cometa) 0.03

Terra cultivada (média) 0.16

Prado 0.21

Floresta tropical 0.12

Tundra 0.17

Neve 0.66

Gelo marítimo 0.62

Oceano 0.07



T4 =  So(1-A)

4

For Earth:

So = 1370 W/m2

A = 0.3

 = 5.67 x 10-8 W/m2K4

Earth’s average temperature



T4 =  So(1-A)

4

For Earth:

So = 1370 W/m2

A = 0.3

 = 5.67 x 10-8

T4 =     (1370 W/m2)(1-0.3)

4 (5.67 x 10-8 W/m2K4)

T4 = 4.23 x 109 (K4)

T = 255 K



Expected Temperature:

Trad = 255 K

(oC) = (K) - 273

So….

Trad = (255 - 273) = -18 oC



Temperatura do equilíbrio radiativo: Trad = - 18 oC

Temperatura observada: Tobs = 15 oC.

A diferença Tobs - Trad= T é o efeito estufa G :

G = Tobs - Trad

G = 15 - (-18)

G = + 33 oC = 33 K

O efeito estufa tem um efeito de aquecimento

Sem o efeito estufa, a Terra estaria congelada!

O Efeito Estufa é tão mau assim?
No caso da Terra não



Atmospheric Greenhouse Effect

Incoming Solar 

radiation

N2, O2

Greenhouse 

gases (CO2) 

Outgoing IR 

radiation 

Earth’s Surface



Original Greenhouse

• Precludes heat loss by inhibiting the 
upward air motion

• Solar energy is used more effectively. 
Same solar input – higher 

temperatures.



Warming results from interactions of gases in the 

atmosphere with incoming and outgoing radiation. 

To evaluate how this happens, we will focus on the 

composition of the Earth’s atmosphere.



Composition of the Atmosphere

Air is composed of a mixture of gases:

Gas concentration (%)

N2 78

O2 21

Ar 0.9

H2O variable

CO2 0.037 370 ppm

CH4 1.7

N2O 0.3

O3 1.0 to 0.01

(stratosphere-surface)

greenhouse

gases









Fontes de Metano na Terra

(University of Toronto, Dept. Atmospheric Physics)



C OO

carbon dioxide

H

O

H

water

methane

H

C H

H

H

O

O+

-O

ozone

Greenhouse Gases



Non-greenhouse Gases

N   N O = O

N2 O2



Non-greenhouse Gases

N   N O = O

Non-greenhouse gases have symmetry!

(Technically speaking, greenhouse gases

have a dipole moment whereas N2 and O2

don’t)



H H

O

(−)

(+)

• Oxygen has an unfilled outer shell

of electrons (6 out of 8), so it wants

to attract additional electrons. It gets

them from the hydrogen atoms.



Molecules with an uneven distribution of 

electrons are especially good absorbers and 

emitters.

These molecules are called dipoles.

O

H

H

Water
Electron-poor region:

Partial positive charge

Electron-rich region:

Partial negative charge

oxygen is more 

electronegative 

than hydrogen





Molecules absorb energy from radiation. 

The energy increases the movement of the 

molecules.

The molecules rotate and vibrate.  

stretching

bending

Vibration





Thermal IR Spectrum for Earth

Ref.: K.-N. Liou, Radiation and Cloud Physics Processes in

the Atmosphere (1992)

CO2 (15 m)

H2O vibration/rotationH2O pure rotation

O3 (9.6 m)

(6.3 m)

Greenhouse gases absorb IR radiation at specific wavelengths
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• Stellar flux: S = L/(4R2)

• Planetary radiative balance equation:

S ×(1-A) = ×T4 ×4

L/(4R2)× (1-A) = ×T4 ×4

R
T

AL





416

)1(



Boundaries of the HZ



Global surface temperature (Ts)

• Global surface temperature (Ts) depends 
on three main factors:

a) Stellar flux

b) Albedo (on Earth, mostly clouds)

c) Greenhouse Effect (CO2, H2O , CH4, O3

etc.) 

• We can calculate Trad from the radiative
balance equation and add the 
greenhouse warming:

Ts = Trad + G 



Zona Habitável e Efeito Estufa

Vênus x Terra x Marte

Vênus

Trad=226,6 K

Ts=464 ºC G=+510 ºC

Terra

Trad= 255,0 K

Ts=15 ºC G=+33 ºC

Marte

Trad= 209,8 K

Tms=-63 ºC G=+0,2 ºC



The inner edge of the HZ

• The limiting factor for the inner boundary 
of the HZ must be the ability of the planet 
to avoid a runaway greenhouse effect.

• Theoretical models predict that an Earth-
like planet would convert all its ocean into 
the water vapor ~0.84 AU

• However it is likely that a planet will lose 
water before that.



Moist Greenhouse

• If a planet is at 0.95 AU it gets about 10% 

higher solar flux than the Earth.

• Increase in Solar flux leads to increase in 

surface temperature  more water vapor 

in the atmosphere  even higher 

temperatures

• Eventually all atmosphere becomes rich in 

water vapor  effective hydrogen escape 

to space  permanent loss of water 



H2O + h H + OH

H2O-rich

H2O-poor H2O-rich

Upper Atmosphere

(Stratosphere, Mesosphere)

Lower Atmosphere

(Troposphere)
H2O-ultrarich

Space

H2O + h H + OH

h h Ineffective

H escapeEffective

H escape



Venus fate 

• Runaway (or moist) greenhouse and the 

permanent loss of water could have 

happened on Venus

• Venus has very high D/H (~120 times 

higher than Earth’s) ratio suggesting huge 

hydrogen loss



• Without water CO2 would accumulate in 

the atmosphere and the climate would 

become  extremely hot – present Venus is 

~ 90 times more massive than Earth’s and 

almost entirely CO2.   

• Eventually Earth will follow the fate of 

Venus





Evolução da massa 

e profundidade 

efetiva do oceano.



Comparação dos resultados de 

diferentes modelos para os 

limite de pressão parcial de 

CO2 para plantas C3 (a) e 

plantas C4 (b), e o limite de 

temperatura superficial (c).



The outer edge of the HZ 

• The outer edge of the HZ is the distance 

from the Sun at which even a strong 

greenhouse effect would not allow liquid 

water on the planetary surface.

• Carbonate-silicate cycle can help to 

extend the outer edge of the HZ by 

accumulating more CO2 and partially 

offsetting low solar luminosity. 



Limit from CO2 greenhouse

• At low Solar luminosities high CO2 abundance 

would be required to keep the planet warm. 

• But at high CO2 abundance does not produce as 

much net warming because it also scatter solar 

radiation.

• Theoretical models predict that no matter how 

high CO2 abundance would be in the 

atmosphere, the temperature would not exceed 

the freezing point of water if a planet is further 

than 1.7 A.U.   



Limit from CO2 condensation
• At high CO2 abundance and low 

temperatures carbon dioxide can start to 

condense out (like water condense into 

rain and snow)

• Atmosphere would not be able to build 

CO2 if a planet is further than 1.4 A.U.



Fate of Mars

• Mars is on the margin of the HZ at the 
present

• But! Mars is a small planet and cooled 
relatively fast

• Mars cannot outgas CO2 and sustain 
Carbonate-Silicate feedback.

• Also hydrogen can escape effectively due 
to the low martian gravity and lack of 
magnetic field.    



Nanedi Vallis
(from Mars Global Surveyor)

~3 km

River channel



The Sun gets brighter with time

• H fuses to form He in the core

• Core becomes denser

• Core contracts and heats up

• Fusion reactions proceed faster

• More energy is produced   more 

energy needs to be emitted



Solar Luminosity versus Time

See The Earth System, ed. 2, Fig. 1-12



Continuous Habitable Zone (CHZ) 

• A region, in which a planet may reside and 

maintain liquid water throughout most of a 

star’s life. 
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Boa Notícia!

Proxima Centauri, a estrela mais próxima de nós, 

abriga um planeta bem parecido com a Terra 

(Proxima b)














