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First elements in the universe:
H, He, Li

Periodic Table of the Elements

B poor metals

hydrogen
alkali metals

alkali earth metals
transition metals

O nonmetals
B noble gases
rare earth metals

':'é\' www.elementsdatabase com
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Evolution of our universe
First few minutes: H, He, Li
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The abundances of
the light elements
(H, He, Li) formed a
few minutes after
the Big Bang

depend only on
(baryon-to-photon ratio)
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Evolution of our universe

Cosmic Background Radiation

Major Events
Big Bang Since Big Bang
”~
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Cosmic Back

IsoTrROPY OF THE CosMmic
MicrRowAvVvE BACKGROUND

SPEcTRUM OF THE Cosmic
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The abundances of
the light elements
(H, He, Li) formed a
few minutes after
the Big Bang

depend only on
(baryon-to-photon ratio)
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Cosmic Microwave Background

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

WMAP
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1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years credits: http://map.gsfc.nasa.gov

Nyio = 6.226 £ 0.170 (Dunkley et al. 2009)

Predicted primordial lithium abundance:
A(Li) = 2.72 dex — Li/H = 5.2 1010

(Cyburt et al. 2008, see also Steigman 2009; Coc & Vangioni 2010) .



To test Big Bang Nucleosynthesis we need
to,look back In time: metal-poor stars
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Cosmologlcal I|th|um problem

WMAP+ BBN
(L1 =2.72)

Stars
(Li=2.0-2.25) g

0.7 dex (factor

of 5) discrepancy
at the lowest
metallicities
between
BBN+WMAP

and stars

W
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MAP+ BBN

LITHIUM in STARS:
“Triangles: Asplund et al 2006
Squares: Bonifacio et al. 2007|
Filled Circles: Aoki et al. 20097

Aoki et al. (2009)



The cosmological Li problem:

L1 In stars Is much lower (x 5) than
the primordial Li predicted by BBN

T..scale

Errors In nuciear reaction rates

New physics / cosmology ?
Li depletion In stars ?

12



‘Hawaii, after observing-run ...




Ultra high precision analysis of
lithium In metal-poor stars using
Keck and VLT data

Stellar spectrum observed with Keck (exposure time of 5 hours)

|
G064-012, 1D

670.76 670.78 670.80 670.82
Wavelength [nm]|

Asplund & Melendez (2008)




Next steps in solving the Li problem
@ IAG/USP

> Finish data reduction
» Accurate + precise stellar parameters
> Determination of LI and Be abundances

» Study of Li and Be dep etion B

(.064 01 lD

» LI Isotopes

670.76 670.78 670.80 670.82
Wavelength [nm]




Solvin J the cosmolo g ical Li brobler
Team : > Jorge Melendez (IAG) |

» Martin Asplund (Australia)

vy Help
&: Welcome !




Periodic Table of the Astronomers ..
From H and He to “metals”

m_ Periodic Table of the Elements © www.elementsdatabase.com .
nnnnnnnn M nnne motalc

METALS



Chemical evolution of the elements
From H and He to “metals”

m_ Periodic Table of the Elements
hydrogen B poor metals

':'é\' www.elementsdatabase com

Lj ° BE4 alkali metals O nonmetals
alkali earth metals B noble gases
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The first stars and the formation of

metals (elements e R e
heavier than H & He) o

+ Magnesium
. fusion

Silicon
fusion

Iron ash

b




Stellar Evolution

Type |l Planetary nebula
supernova. |

Type la supernova

(artist’s concept)



Galactic chemical evolutlon

Interstellar medium

Metal-rich o _ o AY

ejecta o ’ — R
. ’ t"','



After 12 billion years of chemical evolution in

our Galaxy, stars have produced only 2% of
“metals”, the rest (98%) being H & He

- The Milky Way




Galactic archaeology

Type |l supernovae

implant oxygen early Type la supernovae

implant iron gradually
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Galactic archaeology: disk(s)
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Fig. 7. [a/Fe] as a function of [Fe/H] according to Reddy et al. (2003, 2006). Stars
indicated by open circles have a probability P > 70 % of belonging to the thin disk,
whereas stars represented by filled circles have P > 70 % of belonging to the thick
disk.




Chemical similarities between Galactic bulge and local thick disk
red giants: O, Na, Mg, Al, Si, Ca, and Ti*

A. Alves-Brito'?, J. Meléndez’, M. Asplund®, I. Ramirez*, and D. Yong’
A&A 513, A35 (2010)

>%=o:o:._<
Astrophysics

bulge

)

29

Thin disk (

| ® Thick disk (22) Thick disk ~

-0.4 —

[xop]{[24/2])
ERISUENE]EE ]

y ]
@)
=
O
Q-
S
L.
o
S
O
S
@)
©
S
O




Galactic archaeology: halo(s)

“true” halo
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Nissen &
Schuster 2010




High precision chemical
abundances in metal-poor stars
@ IAG [/ USP

High resolution (R = 100, 000) high S/N spectra (300-1000)
available to perform the highest precision study to date

Keck

HELP o R !
WELCOME ! 5 ; L=




Sunset in Paracas, Peru
(c) www.flickr.com/photos/rodrigocampos/
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More than 500 planetary systems
found until now

But ... most of
them DO NOT
resemble our own
solar system

C. Carreau / ESA



Most planetary systems found so far have inner

giant planets, unlike the inner rocky planets of
our solar system

The Upsﬂon Andromedae System.

l oosau. © 083AU & 2.5AU
242 day orbit . 3.5 year orbit

. 4.6 day orbit . '
75 Yo Juplters Mass mce Jupitcrg Mass® 47& Jupiter’'s Mass '

Our lnner Solar System

Mercury " ", Venus ‘Earth . Mars .

0.39 AU - . 0.73AU 1.00 AU . Ba 1 T T SPa ol
89 day orbit'.” . .228 day orbl 1 year orbit_ . 1.9 year o‘rl?il_ Fe .

" © Harvard-Smithsonian CIA (A.-Contos), 1999 -



How to find a planetary system similar
to our own?

Credits: Nasa



1. Search for stars similar to our Sun

luminosity (solar units)
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. In the same evolutionary stage as
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3. Chemical composition ~ solar?
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But there are myriad stars in the sky
.. how can we find solar twins?

W
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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!




First solar twin discovered only in
1997: 18 Sco

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.

Astronomia

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




Searching for solar twins

* Programa observacional desde 2005

- Keck (Havai, USA)

- McDonald (Texas, USA):
- Magellan (Chile) St ne
- 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



Second solar twin identified in
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%

Undergrad summer
research project of E A |
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in our galaxy



Mas 18 Sco e HD 98618 nao sao
gémeas solares perfeitas ...

FUNDAMENTAL PARAMETERSEStrela - S()l

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

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

A 108 Zuopea (d05) ... +001 =002 +001 + 003 altas, um fatorde 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




Continuing the search for perfect

solar twins: McDonald
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 #id

identica ao Sol, - . _ 

inclusive no litio. -~~~ e

. 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.

Researchers from Peking
Universityin Beijing and the
University of California
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HIP 56948: :
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Astronomers find the sun's
long-lost twin ’
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Is the Sun a normal solar-type star?

Are there any anomalies in the Sun’s chemical composition?
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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)




High precision chemical abundance
study of solar twins:
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.

Il
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Are the anomalies in the Sun’s
composition related to the formation of
our planetary system ?

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



Anomaliasno | = o(volatiles) — 0.011 dex.

Sol sao i . cr(refractoriis) = 0.007 dex |
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Somente os elementos refractarios (e.g.
Fe, Al, Sc) podem ter se condensado no
sistema solar interno, forming dust,
planetesimals and finally rocky planets




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*10°" 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
16:28 | Se trata de Jorge Meléndez, quien el 17 de ¢

descubrimiento en |a Biblioteca Nacional phySiCS .Com
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Destaques na imprensa sobre a
composicao peculiar do Sol
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C l - & = . __ Jorge WMeléndez, an astronomer atthe University of Porto in Portugal, has turned up a different indicator of planets
L I] C l (1 ()J e Meléndez identified 15 elements that are more abundant in sun-size stars with giant planets orbiting very close
the stars. Butthese elements are scarce in our sun, which hosts distant giants and small, rocky inner planets. A
chemical signature like the sun's could be a clue to finding Earth-like worlds that could potentially suppart life.
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Solar twins @ IAG/USP

Extremely high precision abundance analysis
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=" Temperatura .d'e”“\"-‘fl‘i,.j (new postdoc @ IAG/USP)

O Iaenaeibe (/S/Ng Keck and VLT data
, G | | ]
Xf;la?f:de,z’ o to study signatures
Gustafsson, nl :
vong 2009, 3 § of planet formation
ApJ letters =1
@ §
(@)
I R

N




Solar twins @ IAG/USP

Biogenic elements :

| C,ONFS
(Basic building blocks of life)
using VLT CRIRES data

position of humans

Chemical com
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6%

R hidrogénio (H)
65,4%

tragos de elementos 0,001%

carbono (C) 7.5%
sodio (Na), magnésio (Mg)
(Cl), potassio (K),

nitrogénio (N) 1,25%
cloro
}, manganés (Mn),

tosforo (P) 0.24% calcio (Ca
ferro (Fe), cobre (Cu), jodo (1)

enxofre (S) 0,06%




Procura de planetas ao redor de gémeas
solares: 88 noites no HARPS/ESO

29 DE SETEMBRO DE 2011 - 02:34 SP

H Com VEJA O TEMPO EM MAIS CIDADES 14°C 0O estudo se viabilizou gracas ao
I 1 ‘o . acesso recém-obtido pelo Brasil

as instalacdes do ESO
NOTICIAS PODER MUNDO MERCADO COTIDIANO ESPORTE ILUSTRADA FS5 CIENCIA TEC FOLHA D (Observatério Europeu do Sul)o

AMBIENTE BICHOS BLOGS CELEBRIDADES COLUNISTAS COMIDA EQUILIBRIO E SAUDE FOLHATEEN FOLHINHA governo assinou no flm do ano

HOROSCOPO TRANSITO FOLHAINVEST INDICADORES GUIA E-MAIL FOLHA ASSINANTES ERRAMOS TV K
8 - passado o acordo que torna o

EM CIMA DA HORA PUBLICIDADE: Bluetec5. Conhega a nova tecnologia Mercedes-Benz para motores de onibus pal's 0 mais novo membro do
consorcio. Embora o acerto ainda

Congresso para entrar em vigor, o

Maior | Menor Enviar por e-mail @ Comunicar erros @ Link http:/folha.com/no95¢ EBOB ESO ja trata o Brasil como
parceiro, concedendo o direito
15/08/2011 - 09h02 de solicitar tempo de observacao
Brasil participara de monitoramento de nos telescépios da organizaggo.
1.2 i
planetas gemeOS da Terra Foi por conta disso que a equipe
SALVADOR NOGUEIRA . de Jorge Meléndez, peruano que
COLABORACAO PARA-A FOLHA H EI p trabalha no IAG (Instituto de
—_— Astronomia, Geofisica e Ciéncias
Bl Recomendar 114 +1 |« S , . .
| most Atmosféricas) da USP, conseguiu
Atualizado 3s 14h15. | aprovagao num projeto que pode
Um grupo liderado por um astrénomo do Brasil pode WEICome finalmente revelar alguns dos

desvendar o que leva certas estrelas, como o Sol, a abrigar ' segredos mais bem guardados
planetas como o nosso, rochosos e pequenos. De quebra, sobre os exop|anetas_
trata-se da primeira grande investida brasileira na busca por

mundos extrassolares com telescépios em solo.



- CONCLUSIONS

Very exciting research @ IAG/ USP.
chemical composition of stars:_

s

* Big Bang nucleosynthesis

» Galaxy formagiien and evolution

* Stellar evolujcf‘ '

*. Planet formation

» Uniquenesswef 0ur Sun and our solar system

- {_’"

* Others: M dwarf8 ‘1§otop/c ratios, stellar clusters,
molecular spectros)copy, giant stars with planets, stellar
parameters, interstellar extinction, archaeoastronomy...
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