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11.2 A atmosfera solar
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11.1 O interior solar

Estrela mais importante.
Devido a sua proximidade
conhecemos em detalhe:

 Composicao quimica

* Temperatura

* Luminosidade

* Raio

* Rotacao; Campos
magnéticos; Frequéncias
de oscilacao; Fluxo de
neutrinos




ldade do Sol: 4,57 bilhoes de anos

Livro-Texto: 4,5672 Gyr

2Radioactive dating of the oldest known objects in the Solar System, calcium-aluminum-rich inclusions (CAls)
in meteorites, leads to a determination of the age of the Solar System of 4.5672 + 0.0006 Gyr.

Artigo mais recente em Nature Geoscience: 4,5682 Gyr

Nature Geoscience 3, 637 - 641 (2010)
Published online: 22 August 2010 | d0| 10 1038/nge0941

Audrey Bouvier! & Meenakshi Wadhwa'

The age of the Solar System g
redefined by the oldest Pb—Pb fis
age of a meteoritic inclusion €%

Chondrite meteorite with caIC|um—aIum|n|um r|ch |ncIu5|ons seen aswhlte
specks. From the collection of the American Museum of Natural History.



- Tipo espectral: G2V P'ro.prledades
- Idade: t,, = 4,5682 Gyr basicas do Sol

- Raio: R = 6.96x10° km

- Massa: M, = 1.99x10% kg
1048 massa de Jupiter, 332 946 massa da Terra

- Luminosidade: L =3.828x10%° W

(mais a luminosidade de neutrinos = 0.023 L)

- Temperatura efetiva (“superficial”): Tog o = 5777 K
- Composicao quimica: X=0.74,Y =0.24, Z=0.02

FracOes da massa do Sol (X: hidrogénio, Y: hélio, Z: metais)



No livro-texto, sao apresentados resultados
de um modelo “padrao” do Sol, por Bahcall,
Pinsonneault & Basu 2001, AplJ, 555, 990
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Paradoxo do jovem Sol fraco

O problema do jovem Sol fraco é a contradicao
aparente entre observacoes de agua liquida no inicio
da historia da Terra, e o fraco brilho do Sol na época
de aproximadamente 75% do Sol atual (L=0.75 L),
insuficiente para manter agua no estado liquido

Como tirar a Terra do snowball?

Talvez efeito estufa do metano!
CO, +4H, = CH4 +2H,0




JOURNAL OF GEOPHYSICAL RESEARCH: ATMOSPHERES, VOL. 118, 1-18, doi:10.1002/jgrd.50808, 2013

Exploring the faint young Sun problem and the possible climates
of the Archean Earth with a 3-D GCM

B. Charnay,' F. Forget,! R. Wordsworth,? J. Leconte,' E. Millour,!
F. Codron,! and A. Spiga!

[9] Methane has been suggested as an important com-
plement to CO, to warm the early Earth [Kiehl and
Dickinson, 1987]. It can absorb thermal radiation at 7-8 pwm,
thus at the edge of the atmospheric window (8-12 pm),
where CO, cannot. It can therefore produce an efficient
warming. In an anoxic atmosphere, the lifetime of methane
1s 1000 times higher than today [Zahnle, 1986; Kasting
and Howard, 2006]. During the Archean, methane would
have been released by methanogenic bacteria through
the reaction:

CO, +4H, = CH4 + 2H,0 (1)

where H; comes from hydrothermal sources and volcanoes,
or from the primitive atmosphere [Zian et al., 2005].



A estrutura interior do Sol hoje

No centro do Sol:
X.=0.34 (X.= 0.71)
Y.=0.64 (Y,=0.27)

P=2,34 10 Nm™
0=1,510° kg m3

Superficie:
X;=0.74 (X,=0.71)
Y, =0.24 (Y,=0.27)
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Mistério do litio no Sol: mais de 60 anos!

One aspect of the observed Sun that is not yet fully consistent with the current solar
model is the abundance of lithium. The observed lithium abundance at the Sun’s surface
1s actually somewhat less than expected and may imply some need for adjustments in the

model through refined treatments of convection, rotation, and/or mass loss. The lithium
problem will be discussed further in Chapter 13.

An Introduction to
Modern Astrophysics An Introduction to Modern

Astrophysics, 2nd Edition, by
Bradley W. Carroll, Dale A. Ostlie

2007

Bradley W.Carroll * Dale A.Ostlie




Mistério de mais de 60 anos!

O Problema do Litio

Os nossos modelos de computador nio conseguem explicar
tudo. Ao estudar a composicao quimica da superficie solar,

nota-se que — em comparacao com aquilo que nos ¢ familiar

aqui na Terra ainda ha um outro elemento muito raro, ou
seja, o litio. Esta substancia pertence aos elementos mais leves,
com trés 1)1'(')(0m ¢ quatro néutrons formando normalmente
seu nucleo atdmico; € muito raro no Sol. Em (mnp(n(ud() com
sua ocorréncia na Terra, mas mesmo com a matéria provenien-
te do universo e que se precipita sobre o globo terrestre na for-
ma de meteoritos, o quilograma de matéria solar contém litio
em quantidade cem vezes menor. Sera que também este ele-
mento teria sido destruido pelas temperaturas elevadas no fun-
do da camada de propagacio?

Efetivamente, o litio pode receber um nicleo de hidroge-
no €, com is‘tq, dividir-se em dois atomos de hélio, conforme
mostra a ||;., -3. No entanto, a temperatura de 1 milhio de
graus centigr .l(lns, a (lu.nl 0s atomos de litio se misturam ¢ con-
fundem na sup('l'ﬁ('i(' solar, nio daria para destrui-los; isto
aconteceria tao-somente nas camadas mais internas, onde a
temperatura € trés vezes mais elevada. Como todos os modelos

Rucdolf Kippenhahn

100

BILHOES
DE SOIS

1981



O Problema do litio solar

Radiative Zone Core Convective Zone

ffWWW-kgsi.ku.edu/_ N

A abundancia de litio
observada no Sol é
160 vezes menor a
de meteoritos.

Li queima a T=2.5x10°K,
sob a zona convectiva
— ndo seria observada
a destruicdo do litio!




Quelma do Iltlo solar aT=2, 5x106K
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Resolvendo o mistério do litio usando
gémeas solares de diferentes idades

Telescopio VLT (8 metros) + UVES
R=110000, S/N ~ 500 - 1000 perto da linha de Li

Very Large Telescope, 8 meters (Paranal)

gl‘ J-If D

Espectrografo sSESE
UVES S



Comparacao de espectros R =110 000
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HIGH PRECISION ABUNDANCES OF THE OLD SOLAR TWIN HIP 102152:
INSIGHTS ON Li DEPLETION FROM THE OLDEST SUN*
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HIP 114328 and
HIP102152:
gémeas solares
velhas

Monroe et al. 2013
Meléndez et al. 2014
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eso1337pt-br — Nota de imprensa cientifica

|dentificada a estrela gémea do Sol mais velha
conhecida até hoje

O VLT do ESO fornece novas pistas que ajudam a solucionar o European
misterio do litio Southern
28 de Agosto de 2013 Observatory




Press release mais coletiva de imprensa,
IAG/USP, 28/8/2013, 10h30m

F




Equipe da USP ajuda a descobrir mais

Globo  WisEeimE pRmesH S

Luna D'Alama
Do G1, em Sdo Paule

Ciclo de vida de estrela
parecida com o Sol

http://g1.globo.com/ciencia-
e-saude/noticia/2013/08/
equipe-da-usp-ajuda-
descobrir-mais-velha-estrela-
gemea-do-sol.html

{em bilhdes
de anos)

Escala de evolugao estelar HIP 102152
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Sun Loses Lithium with Age

' Podcasts Observations of two solar twins — one old and one young —
confirm that the Sun has probably destroyed its lithium over time.

Interactive °,
..~ Sky Chart,~ " I’ve blogged repeatedly here
SAGITTARIUS about the universe’s missing
o, SCORPIUS lithium. But lithium is also a
chck Here o sjart troublemaker in the solar
system. Based on primitive
meteorites that record the
makeup of the nebula from
which the solar system formed,
the Sun seems to have
destroyed more than 99% of its

http://www.skyandtelescope.com/news/Sun-
Loses-Lithium-with-Age-221836221.html

click here to read

initial lithium.



Questdes ainda
em aberto sobre
o litio:

- Qual o modelo
para alcancar a
camada de
gueima de Li?

- Estrelas da
sequéncia
principal ricas
em litio:
engoliram
planetas?
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O Problema do neutrino solar

Sao detectados menos neutrinos do que os
preditos pelo modelo padrao do Sol

Neutrino




Detector de neutrinos de Raymond Davis (~1970)
377 000 litros de tetracloroeteno, C,Cl,
A

Isotopo /C]
pode mteraglr
com neutrino

¥

FIGURE 11.8 Raymond Da\'ls’s solar neutrino detector. The tank was located 1478 m (4850 ft)
below ground in the Homestake Gold Mine in Lead, South Dakota, and was filled with 615,000 kg of
C,Cly in a volume of 377,000 liters (100,000 gallons). (Courtesy of Brookhaven National Laboratory.)




37 37 ~
17ClL 4+ v, = [gAr +e

Os neutrinos que
interagem com o 3’Cl sdo
de alta energia, na
maioria (77%) da rara
reacao da cadeia pp-lll:

\ B — ;Be+et +v,

e

Também parcialmente com

Um neutrino é capaz de transformar  neutrinos da cadeia pp-I:

um atomo de cloro em um atomo de :H + }]-[ S %H + et + v,
argonio, liberando um elétron

durante o processo
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FIGURE 11.9 Results of the Davis solar neutrino experiment from 1970 to 1994. The uncertainties
in the experimental data are shown by vertical error bars associated with each run. The predicted
solar neutrino capture rate for the };Cl detector was 7.9 SNU based on solar models without neutrino
oscillations. (Figure adapted from Cleveland, et al., Ap. J., 496, 505, 1998.)

1 SNU = 10-3% reacBes por atomo alvo por segundo
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Cherenkov light

Super-Kamiokande
is underground
inside a mine in
Japan to shield it
from cosmic rays.

FIGURE 11.10 Super-Kamiokande neutrino observatory in Japan contains 4.5 x 107 kg (50,000
tons) of pure water. As neutrinos pass through the water, they scatter electrons at speeds greater
than the speed of light through water. The pale blue Cerenkov light that is produced is detected by
the 11,200 inwardly-directed photomultiplier tubes, signaling the presence of the passing neutrino.



Gallium experiments v, +3,Ga — ;,Ge + e~

Similar experiments to chlorine but with galllum:
— Lower threshold (0.233 MeV) so sensitive to the lower end of the pp chain

— Further evidence of missing solar neutrinos (55% of expectation)

SAGE Expectation: 129+-8 SNU
January 1990 - December 2001

FTYTTTTI [T RETIOn] (AT L m wld sl

Slide: Dr Paul Soler, Univ.Glasgow

-
wd U+ Kpeaks Observed: 70.8+-6 SNU
o , ® K peak only »
i 300 oL
@ B/ aning Energy-KT anslysh
s GALLEX M
200 y oF : =
g ‘ | ' | 3 | | | -
100 -1 | ’.r j ! ‘ , '. 3 5_ ¥ I bR A s N
LA R il
o1l LAY | l o "I Lp . ﬁ 11— ,
B UL WL U Ll R ) ey ! i |
1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 L1 ‘T» ' "
Mean extraction time l o Y . ;’ f ;

Combined result:

L-peak - 64.8 +8.5/-8.2 SNU e —
K-peak - 74.4 +6.8/-6.6 SNU A0 e o]

O 1992 1994 1996 1998 2000 2002 2004
verall - 70.8 +5.3/-5.2 SN
U GALLEX 65 SR 77.5 +- 6.2 (stat) +— 4.5 (sys) SNU

GNO 43 SR 65.2 +~ 6.4 (stat) += 3.0 (sys) SNU

1 SNU = 1 interaction of Vb /sec in 10%¢ atoms/day
GNO+GALLEX 108SR  70.8 +- 4.5 (stat) +- 3.8 (sys) SNU



Solucao ao problema do neutrino solar

Se 0s neutrinos
tém massa, eles
podem oscilar
entre diferentes
tipos, por exemplo:

Vﬂ —V_

- v original ndo é
necessariamente
detectado

Trés geracoes de matéria (Férmions)

neutrino | | fraca

| [l [
Massa-|2.4 mev 1.27 GeV 171.2 GeV
carga-|25 24 25
spin-|15 L 15 o
nome-'l- up charme top
7 |48Mev 104 MeV 4.2 GeV
el PRV 15~ -4 '
s+d s b
= | L 14
d down || estranho || bottom
<2.2eV <0.17 MeV <15.5 MeV
0 0 0
v Ve |lu Vi || Vi
eletron muon tau
8 neutrino || neutrino I
O |[0511Mev 1057 Mev ||1.777 GeV
d=d | ] -1 -1
o i 2 T
-l | elétron muon tau

Bosons

Bosons (Forgas)




Nobel Prize in Physics 2002
— : ‘ .

Raymond Davis Jr. Masatoshi Koshiba Riccardo Giacconi
Prize share: 1/4 Prize share: 1/4 Prize share: 1/2

The Nobel Prize in Physics 2002 was divided, one half jointly
to Raymond Davis Jr. and Masatoshi Koshiba "for pioneering
contributions to astrophysics, in particular for the detection of
cosmic neutrinos" and the other half to Riccardo Giacconi "for
pioneering contributions to astrophysics, which have led to

the discovery of cosmic X-ray sources".



The Royal Swedish Academy of Sciences has decided to award
the Nobel Prize in Physics for 2015 to
Takaaki Kajita

Super-Kamiokande Collaboration. &
Arthur B. McDonald
Sudbury Neutrino Observatory Collaboration.

“for the discovery of neutrino oscillations, which shows
that neutrinos have mass”

The Nobel Prize
In
Physics 2015

"y » Takaaki Kajita
ey oo scrarane. 3 AFthur B. McDonald

RS 2 . “ 3 Queen's University
Takaaki Kajita /SNOLAB ’

Prize share: 1/2 Arthur B. McDonald “for the diSCOVGry of
Prize share: 1/2 neutrino oscillations”




11.2 A atmosfera solar

Disco solar aparece bem
definido pela rapida
mudanca da
profundidade 6ptica. A
atmosfera muda de
opaca para transparente
em apenas 600 km
(0,09% do raio solar)
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Formacao das linhas de absorcao na fotosfera
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Granulacao

y [Mm]
y [Mm]

Figure 1: Left: Quiet solar granulation as observed with the 1m Swedish Solar Telescope (courtesy Mats
Carlsson 2004). Right: High-resolution CO°BOLD simulation of solar surface convection. Both images
show the emergent continuum intensity (using identical scaling) at 14364 A in a field measuring 15” x 15”

(11x 11 Mm). The Solar Photospheric Nitrogen Abundance.
Determination with 3D and 1D model atmospheres.

E.Maiorca®, E.Caffau®, P.Bonifacio“®P, M .Busso®", R .Faraggiana®,
M Steffen®, H.-G Ludwig®®, I Kamp®



Dynamics of the 100 -
solar granulation.
VII. A nonlinear
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Fig. 1. Part of our best spectrogram 9954.Sp66, in the wavelength region AA: 491.11-491.24 nm with the corresponding slit-jaw
white light picture attached at the right border. The dark line parallel to the z-axis, at 87 arcsec on the y-axis, is due to a
calibration hair across the spectrograph slit. The dark line parallel to the y-axis corresponds to the spectrograph slit.
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Rotacao diferencial

Copynght © The McGraw-Hill Companies. Inc. Permission required for reproduction or display
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FIGURE 11.16 The rotation period of the Sun varies with latitude and depth. €2, the angular fre-
quency, has units of radians per second. (Adapted from a figure courtesy of NSF’s National Solar
Observatory.)
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Espectro da cromosfera durante eclipse
de 1999 na Hungria

E chamado espectro flash pois as linhas de
emissao aparecem por apenas alguns segundos
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http://www.eurastro.de/webpages/MRSPECT.HTM O Hélio foi descoberto primeiro no Sol, usando
espectros do eclipse solar de 18/8/1868.



Solar active region 10380, in June 2004. Spicules (solar flux tubes) are visible, particularly evident as a carpet of dark
tubes on the right. (c) Royal Swedish Academy of Sciences
WROE. S ~

R

-

\ fi."\k."-f' il ol B :
~ known as spicules, extending upward from the chromosphere for 10,000 km (Fig. 11.17).

An individual spicule may have a lifetime of only 15 minutes, but at any given moment

e spicules cover several percent of the surface of the Sun. Doppler studies show that mass
ﬂ 1

motions are present in spicules, with material moving outward at approximately 15km s™".

FIGURE 11.17  Spicules in the chromosphere of the Sun. In addition, small sunspots are visible in
the upper left quadrant of the image, and brighter areas known as plage regions are also visible. The
observations were made using the Ha emission line. Features as small as 130 km are evident in this

image. (Courtesy of the Royal Swedish Academy of Sciences.)
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http://www.Imsal.com/TRACE/POD/TRACEpodarchive4.html

Looking through the solar
atmosphere. The central
image is a 3-color
composite of the solar
corona, with the NASA
Transition Region &
Coronal Explorer. This
mosaic is made up of 3
exposures; the green,
blue, and red color tables
in this ““true color" image
represent the 171A (1
MK), 195A (1.5 MK), and
284A (2 MK) channels.
The surrounding images
are, clockwise starting
from the top: SOHO/MDI
magnetic map, white
light, TRACE 1700A
continuum,TRACE Lyman
alpha, TRACE 171A,
TRACE 195A, TRACE
284A, YOHKOH/SXT X-ray
image.




Coroa solar

(a) (b)

FIGURE 11.20 (a) The quiet solar corona seen during a total solar eclipse in 1954. The shape of
the corona is elongated along the Sun’s equator. (Courtesy of J. D. R. Bahng and K. L. Hallam.)
(b) The active corona tends to have a very complex structure. This image of the July 11, 1991, eclipse
is a composite of five photographs that was processed electronically. (Courtesy of S. Albers.)
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FIGURE 11.21 A section of the X-ray emission spectrum of the solar corona. (Figure adapted from
Parkinson, Astron. Astrophys., 24, 215, 1973.)



(a)

(b)
FIGURE 11.23 (a) The characteristic dipole magnetic field of a current loop. (b) A generalized

depiction of the global magnetic field of the Sun. The dashed lines show the field of a perfect magnetic
dipole.



Reconstrucdao do campo magnético coronal
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https://www2.mps.mpg.de/de/projekte/solar-corona3d/index_print.html
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Coronal holes
fast solar wind

aia.Imsal.com = {|f=

https://physik.uni-graz.at/en/astrophysics/research/solar-and-heliospheric-

physics/coronal-holes-and-their-relation-to-the-solar-wind/



Equacao de forca de Lorentz:
F=qg(E+vxB)

Electron

FIGURE 11.24 A charged particle is forced to spiral around a magnetic field line because the
Lorentz force is mutually perpendicular to both the velocity of the particle and the direction of the
magnetic field.



Evidéncia de vento solar: jon tail em cometas

AUGUST 22 AUGUST 24 AUGUST 26 AUGUST 27

FIGURE 11.25 Comet Mrkos in 1957. The dust tail of a comet is curved and its ion tail is straight.
(Courtesy of Palomar/Caltech.)
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Vento solar: auroras

 Hoe I bialosevallo :
R Aurora na Suécia

o

) 3
A B i

the solar wind velocity ranges from approximately 200 km s~ to 750 km s~




Example 11.2.1. The mass loss rate of the Sun may be estimated from the data given
above. We know that all of the mass leaving the Sun must also pass through a sphere of
radius 1 AU centered on the Sun; otherwise it would collect at some location in space. If
we further assume (for simplicity) that the mass loss rate is spherically symmetric, then the
amount of mass crossing a spherical surface of radius » in an amount of time ¢ is just the
mass density of the gas multiplied by the volume of the shell of gas that can travel across
the sphere during that time interval, or

dM = pdV = (nmy)@nr? vdt)

where n is the number density of ions (mostly hydrogen), my is approximately the mass
of a hydrogen ion, v is the ion velocity, and dV = Adr =~ 4nr? vdt is the volume of a
shell that crosses a spherical surface in an amount of time d¢. Dividing both sides by dt,
we obtain the mass loss rate,
dM ,
— =47y
dt
By convention, stellar mass loss rates are generally given in solar masses per year and sym-
bolizedby M = dM/dt. Usingv = 500km s™!,7 = 1 AU, andn = 7 x 10° protons m~>,

we find that .
My >~ 3 x 107 Mg yr~

nmyv =47r° pv 113



NASA’s Parker Solar Probe: Humanity’s
First Visit to a Star (~*10 R), 2018 - 2025




Provinha

O periodo de rotacao do Sol € menor no
equador ou polos?

O que é o problema do litio solar?

Explique o problema do neutrino solar e sua
solucao

Expligue a formacao das auroras



