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Por que estudar o Sol?

¢ Impacto em tecnologia e economia: uma
tempestade solar causa 12 horas de
blackout em Quebec (margo 1989)

¢ |Implicacdes no clima: queda no numero
de manchas solares (minimo de
Maunder) corresponde a mini era do gelo

e Aspectros astrofisicos: testar nossas
idéias sobre evolucao estelar

© Paula Coelho



Structure of the Milky Way

O Sol é
apenas

uma entre
~ 300

bilhdes de
estrelas na
Galaxia
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1 Rg = 696 000 km
1Ly =3.84%x1026 W



Composicao quimica do Sol

Elemento Por niUmero Por massa
de atomos  total

H 91.2 % 71,0 %

He 8,7 27,1

O, C, N, Si, Mn,

Ne, Fe, Setc. 0,1 1,9




Sol

Visao da Distancia
el (sem escala)

Massa
1,9891 x 1047 ton
(330 000 Terra)

Raio
696 mil km

Luminosidade
(109 Terra)

3,84 x 106 W
~4 septilhOes de lampadas de 100 W

Observagao
naregiao
visivel do

espectro



Mudancas na
superficie do
Sol






A Luminosidade do Sol é
constante ou variévl ?




Variacao da Luminosidade
vinda do Sol

Tempo (Bilhdes de anos)

:1)

Luminosidade solar (atual



Variacao da Luminosidade
vinda do Sol

—1,27@
. ; -
Lumln 118
Sol jove -
: SENFOCIE R NN NN NN AT —10 ®
— 099
5
— 0,8 ®©
O
— 0,7 8
—0,6-=
-
_ S
1
— 1 T T T T T T T T T -

4 -3 ) 1 0 1 o Bilhdes
Hoje de anos



Faint young Sun paradox
Paradoxo do jovem Sol fraco

O problema do jovem Sol fraco é a contradicao
aparente entre observacdes de agua liquida no
inicio da historia da Terra, e a predicao de que
0 brilho do Sol na época era de apenas 70% em
relacao ao presente, insuficiente para manter
agua no estado liquido

SNOWBALL: Terra nos seus primordios?



http://arxiv.org/abs/1310.4286

EXPLORING THE FAINT YOUNG SUN PROBLEM AND
THE POSSIBLE CLIMATES OF THE ARCHEAN EARTH

WITH A 3D GCM

B. Charnayl, F. Forgetl, R. Wordswort.hg, J. Lecontel, E. Millour!, F. Codronl,
and A. Spiga1

Abstract.

Different solutions have been proposed to solve the ’faint young Sun problem’, defined
by the fact that the Earth was not fully frozen during the Archean despite the fainter
Sun. Most previous studies were performed with simple 1D radiative convective mod-
els and did not account well for the clouds and ice-albedo feedback or the atmospheric
and oceanic transport of energy. We apply a Global Climate Model (GCM) to test the
different solutions to the faint young Sun problem. We explore the effect of greenhouse
gases (COy and CHy), atmospheric pressure, cloud droplet size, land distribution and
Earth’s rotation rate. We show that, neglecting organic haze, 100 mbars of CO; with
2 mbars of CH; at 3.8 Ga and 10 mbars of CO5 with 2 mbars of CH; at 2.5 Ga allow
a temperate climate (mean surface temperature between 10°C and 20°C). Such amounts
of greenhouse gases remain consistent with the geological data. Removing continents pro-
duces a warming lower than +4°C. The effect of rotation rate is even more limited. Larger
droplets (radii of 17 pm versus 12 pm) and a doubling of the atmospheric pressure pro-
duce a similar warming of around +7°C. In our model, ice-free waterbelts can be main-
tained up to 25° N/S with less than 1 mbar of CO5 and no methane. An interesting cloud
feedback appears above cold oceans, stopping the glaciation. Such a resistance against
full glaciation tends to strongly mitigate the faint young Sun problem.



Zona habitavel em sistemas planetarios:
regiao onde pode existir agua liquida
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Influencia de evolucao do Sol na

vida na Terra

temos sO 500 milhdes de anos?

The life span of the
biosphere revisited
Ken Caldeira & James F. Kasting

Earth System Science Center & Department of Geosciences,
The Pennsylvania State University, University Park,
Pennsylvania 16802, USA

A DECADE ago, Lovelock and Whitfield' raised the question of
how much longer the biosphere can survive on Earth. They pointed
out that, despite the current fossil-fuel induced increase in the
atmospheric CQO, concentration, the long-term trend should be in
the opposite direction: as increased solar luminosity warms the
Earth, silicate rocks should weather more readily, causing atmos-
pheric CO, to decrease. In their model', atmospheric CO, falls
below the critical level for C3 photosynthesis, 150 parts per million
(p.p-m.), in only 100 Myr, and this is assumed to mark the demise
of the biosphere as a whole. Here, we re-examine this problem
using a more elaborate model that includes a more accurate
treatment of the greenhouse effect of CO, (refs 2—4), a biologically
mediated weathering parameterization, and the realization that

NATURE - VOL 360 - 24/31 DECEMBER 1992

—>» Positive influence
—@® Negative influence

Solar

luminosity (S) Hydrogen loss

to space (F,,)

Atmospheric

Mean global
carbon dioxide

JUNLVYN OL S¥3ll131

Biological
productivity (IT)

FIG. 1 Diagram illustrating the positive and negative influences represented
in our model. System behaviour may be understood by examining the
response to an increase in solar luminosity (S). Increasing § warms the
Earth, increasing T. This enhances both the weatherability of silicate rocks
(F..) and the rate of hydrogen escape to space (F,). At temperatures
approaching 50 °C, temperature increases have a negative influence on
biological productivity (IT). Enhanced silicate-rock weatherability draws down
the atmospheric CO., concentration (Py,,). The lower CO, concentration
tends to buffer 7 and F,,, and to reduce I1. Eventually, either lack of CO,.
high temperatures, or the loss of water will limit the life span of the biosphere.



CO, cycle

CO, + H,0 -> H,CO4 (carbonic acid)

H,CO,; + H,0 + silicate minerals -> HCOy
+ cations (Ca**, Fe**, Na*, etc.) + clays

C8.++ + 2HCO3- -> CaC03 + C02 1 Hzo

Calcita
e calcareos

Parte do CO, é retornado:

Nt N
o FIGURE 1.4 The main components of the atmospheric carbon
dioxide cycle. The gray lines show processes that put carbon dioxide |
into the atmosphere, whereas the red lines show processes that remove AR
carbon dioxide from the atmosphere.
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Influencia de evolucao do Sol na

vida na Terra
temos sO 1500 milhdes de anos?

Biogeosciences Discussions, 2, 1665-1679, 2005 “E

A i 7
www.biogeosciences.net/bgd/2/1665/ Blo%‘;so :3 lsesl:gﬁz
SRef-ID: 1810-6285/bgd/2005-2-1665
European Geosciences Union

Causes and timing of future biosphere extinction

S. Franck, C. Bounama, and W. von Bloh Correspondence to: C. Bounama (bounama@ pik-potsdam.de)

Potsdam Institute for Climate Impact Research, Potsdam, Germany

We present a minimal model for the global carbon cycle of the Earth containing the
reservoirs mantle, ocean floor, continental crust, biosphere, and the kerogen, as well
as the aggregated reservoir ocean and atmosphere. The model is specified by in-
troducing three different types of biosphere: procaryotes, eucaryotes, and complex
multicellular life. We find that from the Archaean to the future a procaryotic biosphere
always exists. 2 Gyr ago eucaryotic life first appears. The emergence of complex mul-
ticellular life is connected with an explosive increase in biomass and a strong decrease
in Cambrian global surface temperature at about 0.54 Gyr ago. In the long-term future
the three types of biosphere will die out in reverse sequence of their appearance. We
show that there is no evidence for an implosion-like extinction in contrast to the Cam-

brian explosion. The ultimate life span of the biosphere is defined by the extinction of
procaryotes in about 1.6 Gyr.

JUNLVYN OL S¥3ll131
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The evolution of atmospheric CO, concentration
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Swansong Biospheres II: The final signs of life on terrestrial planets
near the end of their habitable lifetimes

http://arxiv.org/abs/1310.4841

Jack T. O'Malley-James
School of Physics and Astronomy, University of 5t Andrews, North Haugh, 5t
Andrews, Fite, UK.

Charles S. Cockell
UK Centre for Astrobiology, School of Physics and Astronomy, James Clerk Maxwell

Building, The King's Buildings, University of Edinburgh, Edinburgh, UK.

Jane S. Greaves
School of Physics and Astronomy, University of St Andrews, North Haugh, St
Andrews, Fite, UK.

John A. Raven
Division of Plant Sciences, University of Dundee at TJTHI, The James Hutton Institute,
Invergowrie, Dundee, UK.



Estrutura bésuca do Sol

Atmosfera solar
extendlda

Atmosfera sola

Interior
Solar



Estrutura mais fina do Sol

Camada
convectiva

Camada
radiativa

Camad

condutiva




Temperatura [K]

Temperatura nas Camadas do Sol
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Densidade das camadas do Sol

Densidades [g/cm?]
Atmosfera

da Terra 0,001
Agua 1

Ferro 7,9
Chumbo 11,3
Mercuario 13,6
Ouro 19,3
Iridio 22,5




Interior do Sol



Interior do Sol

Zona de transicao

Cromosfera

Interior Solar



A estrela Sol

Temperatura
S5.777 K

CoMmposicao
perfiCiaI (massa)
_ H = 73,0%
® Conducio Fotosfera He = 24,5%
® Radiacio Outros =2,5%
® Conveccio

Transporte de energia




Propagacao do calor

(transferéncia de energia devido a diferenca de temperatura)
Conveccao: movimento de
material duma regiao para outra

Convecgéo Conducao:

Convection Conduction

Contato direto

electromagnéticas



Camadas do interior do sol

Regido de
iIrradiacao

0 0,3 0,7 1,0
Raio Solar



ReacoOes de
nucleossintese solar



Positron O O Positron

Neutrino% I I L;Neutrino

Fusao do
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Para onde fol a massa faltante?



Relacao entre massa e
energia

)
®

c = velocidade da luz no vacuo



Cadela proton-proton gerando He

IH+iH>2H+e +v
2 1 3
H+4H—>°He +y

3,He + 3,He —» 4, He + 2 L H

3 4 I
,He +*,He > ,Be +v

99,7%
_ 0,3%
‘Be+e > GLitv

sLi+4H > 24%He ‘Be+1H->8B+y
5B >%Bet+tet+v
5,Be » 24,He



Livre caminho médio dos
féotons na camada radiativa

Tempo entre a geracao
do féton no nucleo e
sua saida pela
fotosfera:

milhdes de anos

Absorcéo
e
Re-emissao



Dados do
Interior do Sol



Densidade solar
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Temperatura no interior solar
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Mudancas na composicao
guimica do Sol

100%

Composicao atual de Hidrogénio

50

Composicao atual de Heélio

Composicao inicial de Helio

O C N Ne Si Fe

0% °
Centro Superficie
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Formacao de
Linhas da
Fotosfera

emissao

hv
foton

absorcao




Atomo de hidrogénio :

modelo_classico
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en Absorption Spectrum
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H Alpha Line
656nm

Transition N=3 to N=2



Atomo de hidrogénio : O elétron pode mudar

modela de Bohr de nivel de energia,
//’:::\\\ n=1,2 3, 4, ..
AR~
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iy @ | \u
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- Contiwo  FOrmacao de linhas de absorcao de
hidrogénio na Fotosfera

Hydrogen Absorption Spectrum

|
700nm
H Alpha Line

656nm

H, do Hidrogénio
(série de Balmer)

@ 656,3 nm

Estado Nivel limite
fundamental externo
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Composicao quimica solar

Abundance Abundance
Elements (% do i;l::}ﬂﬂi:;ml‘ﬂi de | (% ri’gr ;;t’.l'ssﬂ
Hydrogen 91.2 71.0
Helium 8.7 27.1
Oxygen 0.078 0.97 ﬂ ?
Carbon 0.043 0.40
Nitrogen 0.0088 0.096
Silicon 0.0045 0.099
Magnesium 0.0038 0.076
Neon 0.0035 0.058
Iron 0.0030 0.14
Sulfur 0.0015 0.040

Embora o Sol seja a estrela mais proxima a sua abundancia de
oxigénio ainda nao € muito bem conhecida ...



“Superficie”
do Sol:
fotosfera



Fotosfera do Sol

Zona de transicao

Cromosfera

1 H para cgda



Fotosfera
do Sol




Espessura optica (1)
(ou profundidade optica)
T . medida da transparéncia
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Opaco (t> 1)
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Definicao da fotosfera

T = Espessura optica

Temperatura superficial:

=Tz =2.777K

Base
interna da
fotosfera

T

Efetiva

Transparente



Escurecimento do limbo:

prova da descida da temperatura em
direcao ao exterior da fotosfera

Fotosfera

A 00ct



Escurecimento do limbo

Espessura opticat =1
ocorre em regides
als externas (frias)

Interior
do Sol

>spessurat = Visao do Sol
ocorre em_regioes
mais internas

fet?
ot0® (quentes)




Conveccao

- Convective
"/ zone
‘*-\

Radiative
zone

Zona
Conductiva
Core energy

generation

® 2002 Brooks Cole Publishing - a division of Thomson Learning




Conveccao abaixo
da fotosfera

Fotosfera

Regido de
onveccao

Regiao de

iIrradiacao
Regiao de
conducao




Estrutura Alveolar
(Granular) do Sol

 Regioes Claras
— Subida de gas quente

 Regides Escuras
— Descida de gas frio

Diametro tipico de
um granulo (alvéolo):
1000 km

Vida de um granulo (alvéolo):
5 a 10 minutos




Manchas solares




Manchas na superficie do Sol
observadas por Galileo em
1612-1613




prominence

) north-south polasity

Formacao de
L u m a 7 photosphere N\ )Z’M&
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Manchas
solares



Desdobramento das
linhas espectrais



Erupcao solar

7
O
<
3
Fotosfera
Campo

magnético Regido de
conveccao

muito intenso

Regido de
irradiacao

Regido de
conducao




Grande erupcao solar atingindo uma altura de 28 raios
terrestres




Proeminéncias no limbo solar



http://antwrp.gsfc.nasa.gov/apod/image/0009/coronaloop_trace_big.jpg

Atmosfera
do Sol



Cromosfera do Sol

(esfera colorida)

Fe
erro que perdeu Coroa
13 dos seus 26
elétrons
T Brilho:
Zona de transicao

M4 do brilho
Super-granulag

Interior Solar






Coroa
solar
durante

eclipse







Para que observar o Sol
durante o eclipse total?

Sol eclipsado totalmente

Sol nao eclipsado

Coroa Solar




Coroa solar em diferentes

ocasloes

O
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This map shows the paths of totality for solar eclipses
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occurring in successive saros cycles, separated by 18 years
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11 days after the 2016 eclipse, both shown in red. (Eclipse
predictions by Fred Espenak; see NASA’s Eclipse Web site.)
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Vento Solar

Magnetopause

Magnetic field line
Earth

Magnetosphere




Vento Solar

Perda de massa pelo vento solar =1 milhao de ton por segundo

O ~ Prétons

e

Particulas Alfa
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Efeitos de explosoOes solares e
de ejecOes de massa coronal

Ver video de exploséo real no site da NASA:
http://www.nasa.gov/multimedia/videogallery/index.html?collection_id=17320&media_id=151653121




Interacao do Sol com a Terra

Choque com ions e atomos o
da alta atmosfera terrestre
(> 80 km) causa excitacéo e
lonizacéao.

Ao voltar aos estados

menos excitados ou na Campo
recombinagao € emitidaluz magneéeticc
terrestre Aurora

austral



VERMELHO devido ao oxigenio atomico
- Aurora em lowa

VERMELF

. -in;tienso (e azul) devido ao
nitrogén

ysferico: estados excitados a



Aurora no Alasca




Aurora boreal em 2010

AZUL e VERMELHO devidos ao nitrogénio

_JF ¥y

| VERD

http://www.dicadanet.net/img/fotos/aurora%20boreal%204.jpg



Caracteristicas do
Caudaionizada Ven tO SO I ar

(assoprada pelo vento solar)

Cauda de

Cometa )
poeira

Orbita
de,Plutao
344 v =500 a 700 km/s
e/cm3 T =100.000 a 200.000 K
Vento Vento
solar solar

Plutao



| "Cofnetéi Hale-‘Bopp,.(lQQ?) |

»
-

Comet Hale-'Bopp (1997), which possessed two distinct
_tails - adust tail (white) and an ion tail (blue)




Ciclo Solar



Ciclo solar de 11 anos

NUmero
de Méaxima Minima

manchas atividade atividade
~_ Méximo ~ 11 anos

0 11 22 33 44 55 66 77




Annual Sunspot Humbers: 1700-1953

Sunspat Hurber

NUumero
de -
manchas
solares ao
longo do
tempo

1T00 ATH0 4720 ATE0 AT40 4TA0 4ATE0 ATT0 ATE0 4Te0 4500

Sunspot Humber

1800 4510 4820 4530 4540 4530 4500 4570 1SS0 48E0 {900

=unzpat Hurmber

1900 4940 4520 4930 4940 4950 4950 4970 4950 4990 2000




L ocal de nascimento das manchas

@ @
Latitu w v
solar




Grafico "asa de borboleta" dos locais de
nascimento das manchas solares ao longo do
ciclo de 11 anos

G0 rrmmepumm—eess——p———————

40 -

20 7 i e e e & 4
1 - '-'-'i"!'l‘ﬁ" i T

LRy ar-rm- T S FERIAR o ST
- ni"f.‘-w

L
0
2
=
l—
< Tl e

g RS LA m ﬂ-rz:ma.r .
J B eyt T I
= 0 s : e
& oL, :’f—;ﬂam- !

- - . 'l LAY TUTR 'I.F
{ .:""'_' T I UEITEEIET &l ITE
i - gﬁ&-‘”
2 NI - T o L e
Q _og L S meraee.uan Tt
o N i i -

" s AE mER e e s
T M EILT SR T,

Al P
—40 ST S




Grafico "asa de borboleta" dos
locals de nascimento das manchas
solares ao longo do ciclo de 11 anos

DAILY SUNSPOT AREA AVERAGED OVER INDIVIDUAL SOLAR ROTATIONS
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Previcao de manchas solares
Em 2006 foi predito maximo de atividade em 2010-2011 (!)

_____Sunspot Cycles: Past and Future_
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Cycle 24 Sunspot Number Prediction (2013/10)

T T I | I I I | I I T

Hathaway/NASA/MSFC

http://solarscience.msfc.nasa.gov/images/ssn_predict_|l.gif




Minimo de Maunder
no numero de manchas solares
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Sol visto
em diversas
cores
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Rotacao do Sol

Massa do Sol =99,866% Massa Sistema Solar
Momento angular do Sol = 1% Momento angular dos planetas

Eixo de
rotacao

Plano da

ecliptica

Periodo de rotacéao
* P6lo Norte ~ 37 dias
* Equador ~ 26
079 15¢ * P6lo Sul ~ 37
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Evolucao dos
campos magneticos
no Sol
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Despreendimento das
linhas de campo
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Esquema geral da
estrutura do Sol
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com Sondas



SOHO is5s an ESA/NASA mission of mternatianal cooperation
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22/10/2003
A large coronal mass ejection (CME) as observed by
SOHO's LASCO C2 instrument over a two-hour period
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