Habitabilidade



O Problema
da “Cachinhos Dourados”

Ou, mais prosaicamente,
sintonia fina



Habitabilidade

Trés nivels

e Cosmos Biofilico
e Zona Habitavel Galactica
e Zona Habitavel Estelar



Nivel mais basico
da habitabilidade

“/ona da Cachinhos Dourados”
nos sistemas planetarios

Zona Habitavel Estelar



A Historia da Cachinhos Dourados

Nem guente demais, senao ferve
Nem frio demais, sendo congela

No Sistema Solar:

»Veénus sempre foi quente demais

»Marte, no passado, jd esteve no
ponto.

»A Terra em geral esteve no
ponto, exceto em duas ocasioes
de quase total congelamento
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INTRODUCTION

Why is Venus too hot, Mars too cold, and Earth “just right™ for life? (The
allusion to the fairy tale involves the three bowls of porridge belonging to Papa
Bear, Mama Bear, and Baby Bear—one too hot, one too cold, and one just
right—tested by a hungry Goldilocks.) A simplistic answer might be that a
planet’s surface temperature is to a large extent a function of its distance from
the Sun, and Earth just happens to be at the “right” distance for comfortable
temperatures and liguid water. Howewver, this is far from the whole story,

The Goldilocks Problem involves the early history of the planets and the
evolution of their atmospheres. Tts solution must also take into consideration
the long-term evolution of the Sun, and hence the so-called faint young Sun
problem, that is, the fact that the early Earth was apparently warm enough for
liquid water despite the 25-30% lower luminosity of the early Sun (Newman
& Rood 1977; Gough 1981). Had Earth been too cold imtially for hguid water
to exist on its surface, the resulting icy planet would have had a high albedo or
reflectivity, lowering temperatures further, and might have become irreversibly
ice-covered—the “white Earth catastrophe™ (Caldeira & Kasting 1992a), Yet
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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)
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Example: Earth-Sun

The Earth’s temperature (about 300K) is maintained
by the energy radiating from the Sun.

2004/01/30 01:19




Planetary Energy Balance

* \WWe can estimate average planetary
temperature using the Energy Balance
approach



IN

How much solar energy gets to the Earth?

Assuming solar radiation covers the area of a circle
defined by the radius of the Earth (r,)

E. =S, (Wm?)xmr2(m?)
Ein - So X T re2 (W)




E. How much solar energy gets to the Earth’s surface?
n **Some energy Is reflected away**
= Albedo (A)

Ei, =S, X Tr2x (1-A)

~ Reflected sunlight:

2
ﬂREarth X SXA

Received solar flux:

2
T REarth )

Copyright © 2004 Pearson Prentice Hall, Inc.




Energy Balance:

out
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).



E

out

» Stefan-Boltzmann law
F=cT*
F = flux of energy (W/m?)

T = temperature (K)
c = 5.67 x 108 W/m?K# (a constant)



Energy Balance:

E.=E

in out

Ein - So T re2 (1'A)

E,i=cT44=wr2)



Energy Balance:

E.=E

in out

S, (1-A) =c T4 (4)

T4= S, (1-A)
do




Objeto/Superficie Albedo

Terra 0.306
Lua 0.22
Mercurio 0.088
Vénus 0.76
Marte 0.25
Japiter 0.503
Saturno 0.342
Urano 0.300
Netuno 0.290
Europa (lua de Japiter) 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 maritimo 0.62

Oceano 0.07



Earth’s average temperature

T4 = S, (1-A)
4o

For Earth:

S, = 1370 W/m?
A=0.3
G = 5.67 x 108 W/m2K*



T4 = S, (1-A)
4o

For Earth:

So = 1370 W/m?
A=0.3

c =5.67 x 108

T4= (1370 wim?)(1-0.3)

4 (5.67 x 108 W/m2K4)
T4 =4.23 x 109 (K%

T=255K



Expected Temperature:
T,.g=255K

(°C) = (K) - 273

So....

T.4= (255 -273) =-18 °C



O Efeito Estufa é tao mau assim?
No caso da Terra nao

Temperatura do equilibrio radiativo: T,y = - 18 °C
Temperatura observada: T, = 15 °C.
Adiferenca T, - T,,4= AT é o efeito estufa G :

G = Tops = Trag

G =15 - (-18)

G=+33°C=33K

O efeito estufa tem um efeito de aquecimento

Sem o efelto estufa, a Terra estaria congelada!



Atmospheric Greenhouse Effect

Incoming Solar

Earth’s Surface




Original Greenhouse
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* 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 (%)

N, /8
O, 21
Ar 0.9
H,O variable
greenhouse CO, 0.037 370 ppm
gases CH, 1.7
N,O 0.3
O, 1.0to 0.01

(stratosphere-surface)



Earth’s Atmosphere
Through Time
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Oceans & Fresh

water

Anthropogenic sources are in italic.

4%

Termites
10% Rice Paddies

25%

Enteric Fermentation
19%

Coal Mining
8%

L andfills

10% Gas Drilling

11%

Biomass Buming
13%

Fontes de Metano na Terra
(University of Toronto, Dept. Atmospheric Physics)
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Greenhouse Gases carbon dioxide
O
N
water
H

H—C—H /O§
o .

¥ ozone

methane



Non-greenhouse Gases
N,

N = N



Non-greenhouse Gases

N = N 0 =0

Non-greenhouse gases have symmetry!

(Technically speaking, greenhouse gases
have a dipole moment whereas N, and O,

don't)



(+)

* 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.

Water Electron-poor region:

Partial positive charge

oxygen is more
electronegative

Electron-rich region: than hydrogen

Partial negative charge



Incoming
IR photon

/TN o~

(0, - (@

Slow rotation rate Faster rotation rate
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Molecules absorb energy from radiation.

The energy increases the movement of the
molecules.

The molecules rotate and vibrate.

stretching
bending

Vibration
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Bending mode
(15-um band)




Thermal IR Spectrum for Earth

Greenhouse gases absorb IR radiation at specific wavelengths

H,O pure rotation H,O vibration/rotation
00 —— i T i j
2 CO, (15 um) (6.3 um)
{E’ 0.16 - -
o 300k 04 (9.6 um)
N 021 _
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Ref.: K.-N. Liou, Radiation and Cloud Physics Processes in
the Atmosphere (1992)
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Boundaries of the HZ

 Stellar flux: S = L/(4nR?)

* Planetary radiative balance equation:
S %(1-A) = oxT* x4

L/(4xR?%)x (1-A) = oxT* x4

\/ Lx1-A) _,

16x7xoxT?



Global surface temperature (T.)

Global surface temperature (T,) depends
on three main factors:

Stellar flux
Albedo (on Earth, mostly clouds)

Greenhouse Effect (CO,, H,O, CH,, O,
etc.)

We can calculate T,,, from the radiative
balance equation and add the
greenhouse warming:

Ts = Trad +G



Zona Habitavel e Efeito Estufa
Vénus X Terra X Marte

Vénus Terra Marte

T,.4=226,6 K T...= 255,0K T.=209,8 K
T,=464°C G=+510°C  T,=15°C G=+33°C T _=-63°C G=+0,2°C



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 planetis at 0.95 AU it gets about 10%
nigher 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




\ H/fé’é'!ﬁe \ /“ scope
\ / N

H,0 + hv > H + OH H,O +hv = H+ OH

Upper Atmosphere
/ (Stratosphere, Mesosphere)

T~

H,O-poor H,O-rich

H,O-rich _— Lower Atmosphere ~———— H_ O-ultrarich

(Troposphere)




Venus fate

 Runaway (or moist) greenhouse and the
permanent loss of water could have
nappened on Venus

* Venus has very high D/H (=120 times
higher than Earth’s) ratio suggesting huge
hydrogen loss




» Without water CO, 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 CO.,.

« Eventually Earth will follow the fate of
Venus
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The end of life on Earth is not the end of the
world: converging to an estimate of life span of
the biosphere?

Fernando de Sousa Mello and Amancio César Santos Friaca

Instituto de Astronomia, Geofisica e Ciéncias Atmosféricas da Universidade de Sao Paulo (IAG-USP) - Rua do
Matao, 1226, CEP 05508090, Cidade Universitaria, Sao Paulo, SP, Brazil

Abstract

Environmental conditions have changed in the past of our planet but were not hostile enough
to extinguish life. In the future, an aged Earth and a more luminous Sun may lead to harsh or
even uninhabitable conditions for life. In order to estimate the life span of the biosphere we
built a minimal model of the co-evolution of the geosphere, atmosphere and biosphere of our
planet, taking into account temperature boundaries, CO; partial pressure lower limits for C3
and C4 plants, and the presence of enough surface water. Our results indicate that the end of
the biosphere will happen long before the Sun becomes a red giant, as the biosphere faces
increasingly more difficult conditions in the future until its collapse due to high temperatures.
The lower limit for CO; partial pressure for C3 plants will be reached in 170(+ 320, —110)
My, followed by the C4 plants limit in 840(+ 270, — 100) Myr. The mean surface temperature
will reach 373 K in 1.63(+ 0.14, —0.05) Gyr, a point that would mark the extinction of the
biosphere. Water loss due to internal geophysical processes will not be dramatic, implying
almost no variation in the surface ocean mass and ocean depth for the next 1.5 billion
years. Our predictions show qualitative convergence and some quantitative agreement with
results found in the literature, but there is considerable scattering in the scale of hundreds
of millions of years for all the criteria devised. Even considering these uncertainties, the
end of the biosphere will hardly happen sooner than 1.5 Gyr.
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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 CO,, and partially
offsetting low solar luminosity.




Limit from CO,, greenhouse

» At low Solar luminosities high CO,, abundance
would be required to keep the planet warm.

« But at high CO, abundance does not produce as
much net warming because it also scatter solar
radiation.

* Theoretical models predict that no matter how
high CO, 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 CO, condensation

At high CO, 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
CO, 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 CO, and sustain
Carbonate-Silicate feedback.

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



River channel

Nanedi Vallis

(from Mars Global Surveyor)




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
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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.

Copyright © 2004 Pearson Prentice Hall, inc
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Habitable Zone

Kepler-22 System Kepler-62 System



Kepler-62 System

Habitable Zone

62f
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Mercury Venus Earth Mars

Solar System

Planets and orbits to scale
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TRAPPIST-1
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b C d e f g
Orbital Peri‘zg 1.51 days 2.42 days 4.05 days 6.10 days 9.21 days 12.35 days
Tﬁffo?nﬁmﬁ?u; 0.011 au 0.015 au 0.021 av 0.028 au 0.037 au 0.045 av
Bl 1.097,, 1.06%,, 0.77R,, 0.92r,, 1.045,, 1138,
Plg:?u?: :,Xl E?:f:. 0.85 Meon 1.38 M, 0.41 M on 0.62 Mo 0.68 Mo 134 o
Solar System ‘ 6
Rocky Planets =
Mercury Venus Mars
Orbital Peri::ﬁ 87.97 days 224.70 days 365.26 days 686.98 days
Distance to Star 0.387 AU 0.723 v 1.000 Au 1.524 A
Pla?eitﬁvﬁfoiialr‘fi 0’38 Rmrm 0‘95 R«mh 1 '00 R«W’ 0‘53 R“” th
il 0.06,, 0.82m,, 1.00m,,, 0.11m,,

lllustrations

~20 days
~0.06 au
0.76r_,,



Size Comparison

between TRAPPIST-1 system, Galilean moons of Jupiter and the inner Solar System

Galilean moons of Jupiter
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Jupiter
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Inner Solar System
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® @ 1391 400 km




Potentially Habitable Exoplanets APl

Sorted by the Earth Similarity Index (ESI)
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Artistic representations. Earth, Mars, Jupiter, and Neptune for scale. Similarity (ESI) to Earth’s size and insolation is between brackets. CREDIT: PHL @ UPR Arecibo (phl.upr.edu) Jan 5, 2023



Potentially Habitable Worlds SPRIL

Sorted by the Earth Similarity Index (ESI)
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Potentially Habitable Worlds

Sorted by Distance from Earth
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Boa Noticial

Proxima Centauri, a estrela mais proxima de nos,
abriga um planeta bem parecido com a Terra
(Proxima b)
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The newly discovered planet orbits Praxima Centauri every 11.2 days.

arby star hosts planet

Earth-sized world orbiting Proxima Centauricould harbour water — and life.

BY ALEXANDRA WITZE

Sun, hasan Earth-sized planet orbiting

it at the right distance for liquid water
to exist. The discovery, reported this week
in Nature', fulfils a longstanding dream of
science-fiction writers — a potentially habit-
able world that is close enough for humans to
send their first interstellar spacecraft to.

“The search for life starts now,” says
Guillem Anglada-Escudé, an astronomer at
Queen Mary University of Londonand leader
of the team that madethe discovery.

Humanity’s first chance to explore this
nearby world may come from the recently
announced Breaklhmugh Starshot initiative,
which plans to build fleets of tiny laser-
propelled interstellar probes in the coming
decades. Travelling at 20% of the speed of light,

P roxima Centauri, the star closest to the

they would take about 20 years to cover the
1.3 parsecs from Earth to Proxima Centauri.

Proxima’s planetis atleast 1.3 times the mass
of Earth. The planet orbits its red-dwarfstar
— much smaller and dimmer than the Sun —
every 11.2 days. “Ifyou tried to pick the type of
planet youd most want around the type of star
youd most want, it would bethis.” says David
Kipping, an astronomer at Columbia Univer-
sity in New York City. “Its thrilling”

GRAVITATIONAL NINTS

Earier studies had hinted at the existence of
a planet around Proxima. Starting in 2000,
a spectrograph at the European Southern
Observatory (ESO) in Chile looked for shifts
in starlight caused by the gravitational tug of an
orbiting planet. The measurements suggested
that som ething was happening to the star every
11.2 days. But astronomers could not rule out

whether the signal was caused by an orbiting
planet or another type of activity, such as
stellar flares.

In January 2016, Anglada-Escudé and
hiscolleagueslaunched a campaign to nail down
the suspected Proxima planet. ESO granted
their request to observe using a second planet-
hunting instrument, on a different telescope,
for 20 minutes almost every night between
19 January and 31 March. "Assoon as we had
10nights it was cbvious,” Anglada-Escudé says.

The team dubbed the work the ‘pale red
dot’ campaign, after the famous ‘pale blue dot’
photograph taken of Earth by the Voyager 1
d}:v acecraftin 1990, Because Proxima is ared-

arf star, the planet would appear reddishor
orangeish, perhaps bathed in light similar to
the warm evening tints of Earth.

Although the planet orbits atadistance that
would permit liquid water, other factors »
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A terrestrial planet candidate in a temperate orbit

around Proxima Centauri
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At a distance of 1.295 parsecs', the red dwarf Proxima Centauri
(e Centauri C, GL 551, HIP 70890 or simply Proxima) is the Sun’s
closest stellar neighbour and one of the best-studied low-mass
stars. It has an effective temperature of only around 3,050 kelvin, a
luminosity of 0.15 per cent of that of the Sun, a measured radius of
14 per cent of the radius of the Sun® and a mass of about 12 per cent
of the mass of the Sun. Although Proxima is considered a moderately
active star, its rotation period is about 83 days (ref. 3) and its
quiescent activity levels and X-ray luminosity* are comparable
to those of the Sun. Here we report observations that reveal the
presence of a small planet with a minimum mass of about 1.3 Earth
masses orbiting Proxima with a period of approximately 11.2 days
at a semi-major-axis distance of around 0.05 astronomical units. Its
equilibrium temperature is within the range where water could be
liquid on its surface’.

reduction codes'’. As systematic calibration errors produce correlations
among the observations for each night!!, we consolidated the Doppler
measurements through nightly averages to present a simpler and more
conservative signal search. This led to 72 UVES, 90 HARPS pre-2016
and 54 HARPS PRD epochs. The PRD photometric observations were
obtained using the Astrograph for the South Hemisphere II telescope
(ASH2 hereafter'?, with S 11 and Hox narrowband filters) and the Las
Cumbres Observatory Global Telescope network!? (with Johnson B and
V band filters), over the same time interval and similar sampling rates
as the HARPS PRD observations. Further details about each campaign
and the photometry are detailed in Methods. All of the time series used
in this work are available as Supplementary Data.

The search and assessment of the statistical significance (see below
and Methods for more details) of the signals were performed using
frequentist'* and Bayesian'® methods. The periodograms in Fig. 1
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Itis true. We are convinced that there is a planet orbiting Proxima
now. The evidence goes as follows : asignal was spotted back in
2013 on previous surveys (UVES and HARPS). The preliminary
detection was first done by Mikko Tuomi, our in-house applied
mathematician and his Bayesian codes. However, the signal was not
convincing as the data was really sparse and the period w
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ambiguous (other possible solutions at 20 and 40 days, ;:Ius along
wed up Proxima in the

period signal of unknown crigin). We fo

next years but our two observing runs were 12 days, barely
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sufficient to secure a signal which ended up being 11.2 days h
Pale Red Dot was desi

refuting its strict periodicity, plus carefully monitor the star for

m

igned with the sole purpose of confirming or
ctivity induced variability. We got very lucky with the weather so
we obtained 54 out of 60 observations. The ph::nt-:ma—tr'c monitoring

veral units of Las Cumbres Observatory

Glaobal Telescope network), worked flawlessly so we could see the
ffect of spots, flares and rotation of the star, which also had 3
footprint on the spectra. However, nothing indicated that spurious

Sp
variability would be happening at 11.2 days.
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