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Sunset in Paracas, Peru
(c) www.flickr.com/photos/rodrigocampos/



~ 400 sistemas planetarios
encontrados até agora

No entanto, a
maioria deles nao
Se parece em
nada com nosso
sistema solar

C. Carreau / ESA



A maioria de sistemas planetarios encontrados
tem planetas gigantes internos, mas em nosso
5|stema solar 0s planetas mternos sa0 rochosos

The Upsﬂon Andromedae System
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Descoberto o Sistema Planetario Mais
Rico em Planetas Conhecido Até Agora

Até sete planetas em orbita de uma estrela do tipo solar (24 Agosto 2010)

HD 10180



Planetas em torno do Sol

Mercury Jupiter Saturn
0.4 AU = 5

Venus &
0.7 | Uranus  Neptune

Earth Mars
1.52

Parameter [unit] 10180 h

m sin i [Me] 13.16 1191 25.3 235 213 652 Lovis et

0.2605
(£0.0048)




Como encontrar um sistema solar
parecido ao nosso?

Credits: Nasa



1. Procurar estrelas similares ao Sol

luminosity (solar units)
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2. No mesmo estagio evolutivo
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3. Composicao quimica ~ solar?
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Com tantas estrelas no céu, como
saber quais sao similares ao Sol?

L




Primeiro passo: classifica




Classificacao usando
as cores
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Classificacao usando a luz das
estrelas

Newton (1643-1727)
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| Linhas de Fraunhofer (1817)

1802: The chemist and minerologist William Wollaston first observed dark lines in the solar spectrum which

he incorrectly interpreted as gaps separating the colors of the sun
1817: Joseph Fraunhofer (1817) rediscovered the lines. He discounted Wollaston's colour boundary
interpretation, he observed a continuous color change across the spectrum; no color discontinuities occurred at
the dark lines
1836: Sir David Brewster found that certain lines had strengths that varied with the sun's elevation and with the
seasons. He correctly ascribed these ‘atmospheric lines' as originating in the terrestrial atmosphere. Remarkably,
he failed to take into account Fraunhofer's observ. evidence for the stellar origin of certain solar absorption lines



Classificacao de estrelas

Padre Angelo Secchi (1860-1870): 4 tipos

Tipo I: branco-azul
moderna classe A & F “cedo”

Tipo Il
atual classe G, K, F tardio

Tipo lll: laranja-vermelho,
moderna classe M
Tipo IV: estrelas com linhas de emissao

B




Secchi's Four Classes of Stellar

hg 1. (7 ype: Sirius, Vega. Altair; Requlus, etc. )

Spectra

Tipo |

Secchi's four classes of o et
stellar spectra, from a
colored lithograph :

in a book published around TIpO I
1870. This shows how
someone looking through a
spectrograph on alarge
telescope would see

the spectrum from the
brightest stars. The spectra
would be much fainter for
most stars, making for
difficult observing. The
principal spectral lines are
identified underneath by
letters that Fraunhofer
assigned.

Tipo Il

Fig. 4. (£ type: 15¢ of Sclyellerup.

Tipo IV




O sistema de classificacao de Harvard

» 1890-1900s: classificacao de Harvard (E.Pickering +
Williamina Fleming + Antonia Maury + Annie J. Cannon):

0B A F G KM g SN SR

| | ) oo il | | 'ﬂ" . -
" B W
w"l 4' ' l Sirws
“W b | oo

|

& Gemnorun

Procyon

‘ Capelic
\Al G F 1

H8
_uwu.m% focics
<o I LR | () | o | Ld
ol | — ﬂl siocn
veco [ VYNNI~

= [ T |,,m
vor: MU NI | o~
—-_Illllll -




Mais sobre classificacao espectral
classe de luminosidade

Dwarf and Supergiant sprectra in comparison
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Above: normal star Superglgante

Below: supergiant star

Note wide and diffuse hydrogen and calcium lines in normal stars atmosphere, against the
extreme sharpness of the same lines in the supergiant atmosphere.




Procura de gémas solares

*sTipo espectral: G2
* Classe de luminosidade: V (anas)

g
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* indice de cor

* Magnitude absoluta



Indice de cor B-V no sistema UBV
774 R A. Bell, G. Paltoglowand M. I. Tripicco  B-V = mMag B —mag V
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Magnitude Absoluta: M

Magnitude absoluta M: a magnitude aparente
gue teria um objeto a 10pc de distancia

=m+5-5logd




Diagrama H-R
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Procura por gémeas solares usando
o catalogo Hipparcos (+ Tycho)

*Cores B;-V-

* Magnitude
absoluta V-

» Qutras cores (optico e

infravermelho),
indicadores de idade ety

M, [mag]




* Nos primeiros 25
anos de pesquisa
nao foi encontrada
nenhuma gémea
solar (Cayrel de
Strobel et al. 1996)

(ron. At ophys- € * the Stars
As mons alogs”
The Sun 2 al A®

¥s. 94
al Solar 11 (19 - .

0’31’ ’IWIHS S-ll : * \.."‘ o o 2

| A > i

'+ Hernangey2 and " - g é.
Astron. Astrophys. 274, 825-837 (1993) ' - =

In search of real solar twins. II1.”
E. Friel!, G. Cayrel de Strobel', Y. Chmielewski’, M, Spite'**, A. Lébre ', and C. Bentolila!




Primeira gémea solar descoberta
apenas em 1997: 18 Sco

Astronomia

THE ASTROPHYSICAL JOURNAL, 482:L89-1.92, 1997 June 10
©@ 1997. The American Astronomical Society. All rights reserved. Printed in U.S. A,

HR 6060: THE CLOSEST EVER SOLAR TWIN?

G. F. POrRTO DE MELLOZ? AND L. DA SiLva3

2 Universidade Federal do Rio de Janeiro, Departamento de Astronomia,
Observatorio do Valongo, Ladeira do Pedro Antomio, 43, CEP 20080-090
Saude, Rio de Janeiro, Brazil; gustavo(@ov.ufrj.br.

3 CNPq/Observatorio Nacional, Departamento de Astronomia, Rua Gen-

eral José Cristino 77, 20921-400 Sao Cristovao, Rio de Janeiro, Brazil;
licio@on.br.

18 Sco

Parameter Sun HR 2290 HR 6060 16 Cvg A 16 Cyg B
ATg (K)o 0 0 12 + 30 8 + 25 —17 £ 20
AlOg g oo 0 0.07 £ 0.20 0.05 +0.12 —0.16 £ 0.07 —0.09 £ 0.07
| Y O L.00 1.05 £027 | 1.05 £0.02 1.63 = 0.03 1.28 +0.02
[Fe/H]...c.covviiiiiiias, 0 0.13 = 0.04 0.05 = 0.06 0.06 = 0.04 0.02 + 0.04
(B=F) i 0.648 0.66 0.65 0.64 .66
(U= B) i 0.178 0.20 0.17 0.19 0.20
Spectral type .....ovvvvuiiiininns G2V G3V G2 Va GlsV G225V




Em busca de gémeos solares

* Programa observacional desde 2005

- Keck (Havai, USA)

- McDonald (Texas, USA)Eeeee e
- Magellan (Chile) S ne—netne =
- VLT/UVES (Chile)
_ LaSilla / HARPS (Chile)

e i - i ¥ [t
m-;u Il--_ S RSSO —-.-- I.ll.- l.--ll-. --(
IRNISSUH I TS TN T VAT RS u

Colaboragao: Australia, Frang¢a, Portugal, U.S.A.,
Brasil, Chile, México, Inglaterra, Alemanha



Segunda gémea solar identificada
em 2006: HD 98618

THE ASTROPHYSICAL JOURNAL, 641:L133-L136, 2006 April 20
© 2006. The Amernican Astronomical Society. All rights reserved. Printed 1n U.S.A.

HD 98618: A STAR CLOSELY RESEMBLING OUR SUN'

JORGE MELENDEZ KATIE D{}DD\ EDEN AND JOSE A R{}BLE%

- Projeto de iniciagéof ‘
cientifica de Katie '

Dodds-Eden




. t Comparison of sections of spectra of
dependen p p
Model in the Sun and HD 98618.

ison . .
Compar Note the almost perfect match for Iron, carbon, titanjum,
0.02 cobalt, chromium,
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Mas 18 Sco e HD 98618 nao sao
gémeas solares perfeitas ...

FUNDAMENTAL PARAMETERSEStrela - Sol

Parameter (Star — Sun) 158 Sco HD 98618 .
°

Av, (kms™) +0.08 £ 0.15  +0.09 £ 0.15 AbundanCIas de
AT (K) oo +40 + 30 +66 + 30 s e ~ .
Mg ey T roorzo0s +omsoos  1ItIO SA0 MuUito
Alog gy, (dex) ... .. +0.01 £ 002 +0.01 =0.03

A 108 Zuopea (d05) ... +001 =002 +001 + 003 altas, um fator de 3
ALy (Lg) o +0.02 + 006 +004 + 0.06 .
ALy (Lg) oo +0.03 £ 003  +0.08 + 0.07 maior que no Sol |

AL goreg L) o +0.03 £002 +0.06 + 0.05
FeH] (dex) .................. +0.02 = 0.03 +0.05 = 0.03 ;
En.-ﬂ]]r;fip-{‘:} —0.03 + 005 0.00 + 0.04 Numero atdmico

x) +053+000  +047 + 009 )
Amass (Mg) .................. +0.02 £ 003 +0.02 + 0.03 z
Aage, . (Gvyr) ... —08+15 —11=+15 "
Aage,  (Gyr) ... —0.3° +0.7° L l Simbolo
Aage . (Gyr) ... ... —1.1 —04 A

A age s (GVT) —07+04 —03+09 Litio Nome
A rotation period (days) —2.5° —1° —1° 6,941 Massa atémica
Alog Ry (dex) ... ... .. 0.07 —0.05% 249
AM, (mag) ................... —0.04 = 0.04 —0.09 = 0.07 —
B=V 0.65 0.64 Estrutura

Distance (pe) ................. 14.0 38.7 Eletrénica




Continuando a procura por gémeas

solares perfeitas: McDonal
e 2.7-m tel. + 2dcoudé

* Observacoes em
Abril, Out, Nov 2007

e P.l.: lvan Ramirez

\

\



McDonald solar twin survey
Novas gémeas solares HIP 56948 &
HIP 73815 tem baixo Li (~1.0)!
Muito parecido ao Sol !

(Melendez et al. 2006;Melendez & Ramirez
07 . |

HIP56948 éa - = b

melhor gémea - o

solar, quase %o

identica ao Sol, - . _ 

inclusive no litio. -~~~ %

. BIG DIPPER

6700.0 6705.0 6710.0
A(A)




HIP 56948: destaque na imprensa
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Our Sun's Twin

Every now and then someone tries to trip me up with that old trick

8?: sxggighlights question, "What's the closest star to Earth?"

All S3T Obsenving Blogs

[ggv(ggggrgg'g;as’m "Hmm." I reply in mock contemplation. "Is it the Sun?"

Celestial Objects

g:ﬁm?%m?g This little exchange underscores how we've come to regard old Sol as a
Interactive Sky Chart one-of-a-kind star. But now two astronomers think they've found the
Interactive Obsening Tools closest thing yet to the Sun's twin. It's not some long-lost, separated-at-
COMMUNITY. birth companion, but rather a 9th-magnitude blip in the constellation

Sky Blogs Draco that's about 200 light-vears away.
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Work by Peter Hinggi of the University
of Augsburg in Germany and his
collaborators contradicts those early
calculations. The group’s ene-dimensional
models of particles in a gas show that the
same temperature will be observed regardless
of the observer's speed. The team admits,
however, that this may not be true of two- or
three-dimensional gases, and believes that
turther study is needed.
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Identical twins

Astraphys 669, LE9-192 (2007)
Astronomers have identified a star that is in
many ways indistinguishable from the Sun.
Peruvian astronomers Jorge Meléndez of
the Australian National University, and Fvin
Ramirez at the McDonald Observatory of the
University of Texas in Austin report that the
parameters of HIP 56948, one of four ‘solar
twins they have been studying, are exactly
the same as the Sun’s, within the constraints
of observational accuracy. Unlike previous
solar twins, this star — which resides 200
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Medicine, California, USA

A systems biologist encourages
modelling by the millions.

In a ty pical modelling study, we
write down equations, solvethem,
and see whether they account for
known data. If they do, we claim
tounderstand some bit of biclogy.
One huge caveatis that many other
models might have matched the
data just as well.
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HIP 56948: :
e 8: destaque na imprensa
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Gemeas solares conhecidas

Até 2007 apenas 3 gémeas solares:
1. 18 Sco (Porto de Mello & da Silva 1997)
2. HD 98618 (Meléndez et al. 2006)

3. HIP 56948 (Meléndez et al. 2007)

Precisamos de mais gémeas
solares para saber se 0 nosso Sol
(e sistema solar) e t‘)ico

.o *"

e €°




Existe alguma propiedade do Sol que

possa indicar a formacao de planetas?

—— i # —
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Sunset in Barranca, Peru _ http://www.flickr.com/photos/mannover



E a composicdo solar anomala?
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Por quase um seculo e meio o Sol
foi considerado “"normal” na sua
composi¢ao quimica

« Secchi (1868): Sol é tipico de estrelas de tipo
solar

* Payne (1925). composicao solar € universal

» Bent Gustafsson (1998, 2008): nao sabemos
devido as grandes incertezas (0.05-0.10 dex)

 Carlos Allende Prieto (IAU Symp 265 [Aug09]
revisao sobre o disco fino): devemos melhorar
nossas abundancias: <0.05 dex (accuracy)




Estudo de abundancias quimicas @
altisima precisao em gémeas solares:
Magellan (Clay 6.5m)

Jorge Meléndez (CAUP/Portugal), Martin Asplund (Max Planck),
Bengt Gustafsson (Uppsala), David Yong (Stromlo)



Observagoes ObservacOes da gémea solar 18 Sco
eSpeCtrOSCOplcas M1 .

-Magellan 6.5m Clay Telescope
& Mike spectrometer

- R = A/AX = 65,000

- S/IN = 450 per pixel

- coverage 340 — 1000 nm

- Solar spectrum:asteroid Vesta
- 3 nights of observations.
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Analise de alta premsao

| | | | : I
[Cr/Fe]> = —0 011 dex (o— O 009 dex)
.| observational error (s.e.) = 0.012 dex
- Standard 1D model atmospheric parameters = 0.002 dex
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As anomalias ha composicao do Sol estao
relacionadas com a formacao do nosso
sistema planetario?

The Sun & the Andes from the windows of Machu Picchu  http://www.flickr.com/photos/oscarpacussich



Anomaliasno | = o(volatiles) — 0.011 dex.
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Somente os elementos refractarios (e.g.
Fe, Al, Sc) podem ter se condensado no
sistema solar interno, formando poeira,
planete5|ma|s e finalmente planetas de
e tlpo terrestre !




As camadas externas do Sol acretaram
material deficiente em refractarios

g(volatiles) = 0.011 dex
o(refractories) = 0.007 dex

O Sol é deficiente
| em refratarios
porgue esses
| elementos foram
usados para formar
R OS planetas

I terrestres!

Iron gradient in the inner solar system



Highly Moderately

Relagao com formagao des—==——==
planetas terrestres:
meteoritos

Fig. 2. (A) The Cl chondrite normalized elemen-
Alexander tal abundances in bulk carbonaceous (CM, CO,
et al. (2001) and CV) and ordinary chondrites (OC) (53)
versus their 50% condensation temperatures
(54). The correlation between abundance and
condensation temperature (volatility) is strik-
ing. The elements are divided into refractory
(==1350 K), moderately volatile (700 to 1350
I{} and highly volatile (<700 K). The common 0.5
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A gquantidade de material que falta no Sol
é da mesma ordem que a requerida para
formar os planetas terrestres + asteroides

How much dust-cleansed gas is required to affect
the Sun in this way?

Assume gas accretion until
solar convection zone reached
~ present size (~0.02 M)

Refractories depleted in the
Sun: ~2*10%% g = 4 Mg

Refractories locked-up in
terrestrial planets:
~8*102" g = 1.3 Mg
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O Sol @ unico ?

Nao, o Sol é peculiar mas nao é
unico: ~ 10-20% de estrelas de tipo
solar tem uma composicao
quimica similar ao Sol, e tal vez
possam possuir planetas como a
nossa Terra (e tal vez vida !)




Destaques na imprensa sobre a
composicao peculiar do Sol

elcomercio.com.pe 06 de agosto del 2009

Astronomo peruano halla forma de descubrir
sistemas planetarios similares

JIOP Awebsite fromthe Institute of Physics
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Destaques na imprensa sobre a
composicao peculiar do Sol
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O estudo de gémeas"‘ ares pode

nos ajudar a descobrir sistemas
planetarios parecidos ao nosso

Sunset @Paranal (David Yong, 30 Aug 2009)




Temas de estudo no IAG/USP

Espectros: proprledades f|5|cas e quimicas de estrelas
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Meléndez,
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Yong 2009,
ApJ letters
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