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Solar system: 
- Jupiters 
- Neptunes 
- Earths 

Other systems may host: 
- Hot-Jupiters 
- Mini-Neptunes 
- Super-Earths 



Mini-Neptunes 

Super-Earths 



Marcy et al. 2014 PNAS 

Mini-
Neptunes 

Super-
Earths 



Notation 

• [X/H] = AX
star

 – AX
Sun 

 

• [Fe/H] = 0: same iron abundance as the Sun 

• [Fe/H] = -1.0 is 1/10 solar 
 

• [X/Fe] = [X/H] – [Fe/H] 

 

• [Ca/Fe] = +0.3 means twice the number of Ca 
atoms per Fe atoms, relative to the Sun 

• A abundância química AX de um elemento X é:  
     AX = log (NX/NH) + 12  hidrogênio: AH = 12 



Metallicity – close-in giant planet 
connection 



Metallicity – close-in giant planet 
connection 

Stars with 
giant planets 

Comparison 
sample 



Metallicity – close-in giant planet 
connection 

1040 FGK-type stars 



Metallicity – planet connection: Neptunes 
can be formed at any metallicity 

Sousa et al. 2008, A&A 487, 373 
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Metallicity – 
planet 
connection: 
Neptunes can 
be formed at 
any metallicity 

Ghezzi et al. 2010 
ApJ 720, 1290 



Metallicity – planet connection in FGK stars: 
Rocky planets can be formed at any [Fe/H] 

Buchhave et al. 2014 Nature 509, 593 

Rocky Mini-
Neptunes 

Ice/gas giants 

405 stars with 600 
exoplanet candidates 



“Universal” metallicity – planet connection: 
Rocky & giant planets occur more frequently in metal-

rich stars 

Wang & Fischer 2015 ApJ 149, 14 

“Metal-poor” “Metal-rich” 

406 KOI 



“Universal” metallicity – planet correlation: 
but giant planets depend much more on [Fe/H] 

Wang & Fischer 2015 ApJ 149, 14 ~100 000 stars; ~250 planet hosts 



What about other elements besides iron? 



Lithium 

Planet-host stars 
around solar Teff 
seem depleted in 
lithium 

Planet hosts 

Comparison 



You cannot compare apples and oranges ... 
comparer des pommes avec des oranges 

comparer des pommes et des poires 
comparar peras con manzanas 

You cannot add pears and apples … 
No puedes sumar peras con manzanas 



Comparing 
apples & 
apples in a 3D 
parameter 
space 
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Li depletion is not enhanced in planet hosts ! 

Planet hosts 

Comparison 

Baumann, 
Ramírez, 
Meléndez & 
Asplund 
2010, A&A, 
519, A87 

Comparing apples & apples 
(only stars with similar stellar 

parameters within 2-sigma)  



Li depletion is not enhanced in planet hosts ! 

Planet hosts 

Comparison 

Apples & 

apples 
Baumann et 
al. 2010, A&A, 
519, A87 

Apples & 

oranges 
Israelian et 

al. 2009, 

Nature 



Lithium 
seems 
correlated 
with age 

Melendez et al. 2014, A&A, 567, L3 
See also Monroe et al. 2013, Baumann et al. 2010 



Comparison of spectra 
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R = 110 000 
S/N = 500 - 1000 

Sun 

HIP 102152 



Lithium & 
beryllium 
as probes 
of stellar 
interiors 

Sun + Solar twins 

Tucci Maia et al. 2015, A&A, 576, L10 



What about other elements? Refractories 

Depletion trend of volatiles in Earth’s mantle probably reflects primary 
nebular depletion in the Earth making material (Witt-Eickschen et al.2007). 

Earth 



What 
about the 
refractory 
elements? 

Alexander et al. (2001) 

Meteorites 



What about the refractory elements? 

Rocky core 
rich in 
refractories 

Envelope 
rich in 
volatiles 

Jupiter 



Rocky material: rich in refractory elements  
(high condensation temperature) 
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Signatures of planets 

Sun late 
accreted gas: 
refractory poor 

Planet 
engulfment 

1. Dust removed: refractory poor 
2. Planet accretion: 

refractory rich 



Chemical signatures of rocks in White Dwarfs 

Wavelength (Å) 



Chemical signatures of rocky material in White Dwarfs 

Klein et al. 2010, ApJ 709, 950 



Chemical signatures of rocky material in White Dwarfs 

Xu et al. 2014, ApJ 783, 79 



White Dwarf G29-38 
model 

Xu et al. 2014, ApJ 783, 79 

Oxygen triplet in White Dwarf and Sun/Solar Twin 

Sun 
Solar twin 18 Sco 

Jorge Melendez, from UVES spectra 



Predicted Sun’s depletion due to rocks ~ 0.04 dex (about 10% 
effect) 

	

Chemical abundances in 

the Sun (Asplund et al. 

2009) 

Typical errors in 
chemical abundance 

analyses is ≥ 0.05 dex! 



• High S/N (> 300), High resolution (R > 60 000) 

• Careful selection of lines 

• Strictly differential approach using “solar twins” 

Reaching a precision of 0.01 dex in 
chemical abundances using stellar twins 



Test using Sun’s reflected light by asteroids: 
scatter of 0.006 dex 

Bedell, Meléndez, Bean, Ramírez, Leite & Asplund 2014, ApJ 795, 23  



Experiment using 
solar twins 
- Magellan 6.5m telescope 
&  Mike spectrograph  
- R = 65,000 
- S/N = 450 per pixel  
- coverage 340 – 1000 nm 
- Solar spectrum: Vesta 
- 3 nights of observations 

BLUE frame RED frame 

Observations of the solar twin 18 Sco 



Small part (597-
603nm) of solar 
twin & Sun’s 
spectra 

Example of 
Magellan 
spectra of  
11 solar twins 
and the Sun 
(total spectral 
coverage 
3350 A -1μm) 

Meléndez et al. 2009, ApJ, 704, L66 



Our solar 
system is not 
host by a 
typical ‘Sun’ 

Δ abundance: 
Sun - <twins> 
vs. atomic  
number Z 
 

Sun typical :  
Δ = 0  
Sun weird :  
Δ ≠ 0 

Meléndez et al. 2009 



~ 0.08 dex ~ 20% 

Correlation is 
highly significant  
probability ~10-9 to 

happen by chance 
 
It’s most likely to win 
the lottery 

Sun’s  
anomalies are 
strongly 
correlated to 
the dust 
condensation 
temperature of 
the elements! 

Dust condensation temperature (K) 

Meléndez, Asplund, Gustafsson, Yong 2009, ApJ Letters 



The late 
accreted gas in 
the convection 

zone was 
deficient in 
refractories The missing 

refractories were 
used to form dust, 
planetesimals & 
terrestrial planets  
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Earth-like 
material 

Meteorite-like material 

SUN 



Other possible interpretations 

• Sun born in a massive cluster? (A. Korn talk) 

• Inclination effects? NO: Kiselman et al. 2011 

• Age effect? Adibekyan et al. 2014 A&A 564 L15 

4,6 s 



Other possible interpretations: age effect? 

Nissen 2015 A&A in press, arXiv:1504.07598 

2,9 s 



No significant age effect? 

Melendez et al., in preparation 
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Planet effects in binary system with ”twins” 

16 Cyg: widely separated pair of solar analogs 
 

16 Cyg A : no planets 
 

16 Cyg B : giant planet 
 

Analysis using 
McDonald 
spectra with  
R = 60 000 

(~ 2 MJ) 



16 Cyg B (planet-host) is 0,04 dex more metal-poor 
in all elements (photospheric abundances)!  

The missing 
material in 

16 Cyg B may 
have been 

used to form 
its giant 

planet 
16CygBb 



Another work published 
at about the same time 
(with lower resolution, 
R= 45000) didn’t find a 
difference between 16 
Cyg A & B (Schuler et al. 
2011 ApJ 737 L32) 

To clarify the situation, 
we acquired new better 
spectra at the CFHT, using 
R = 81 000, S/N = 700 



Signatures of giant planet formation: 16 Cyg binary 

A: no 

planets B: hosts 

a giant 

planet 

16 Cyg 

~2 MJ 



Signatures of giant planet formation: 16 Cyg binary 

~ 2 MJ 



Another binary system: XO-2 
Both components host planets 

Ramírez et al. 2015, ApJ in press. See also Teske et al. 2015 ApJ 801, L10 

0.6 MJ 
>0.3 MJ + > 1.4 MJ 

 



No abundance differences: HAT-P-1 

Liu et al. 2014, 
MNRAS 442, L51 

Close-in giant 
0.5 MJ 

 



Kepler-10: 
host of rocky 
planets 

Liu et al. 2015, submitted 

Kepler-10b: 3 M⊕ 
Kepler-10c: 17 
M⊕ 
Density ~ Earth 

Tcond (K) 

D
[X

/H
] 

Thick disk 



Large Programme: 88 nights at La Silla 
3.6m telescope + HARPS spectrograph 

Planets around solar twins 
PI: Jorge Meléndez (IAG/USP) 

Collaborators: 
Brazil: F. Freitas, M. Tucci Maia, L. Schirbel (IAG/USP) 

Australia: M. Asplund, L. Casagrande 
USA: I. Ramírez, J. Bean, Megan Bedell 

Germany: S. Dreizler 

© Ana M. Molina at La Silla 



A Jupiter twin around a solar twin! 

Bedell et al. 2015, A&A, submitted 



Solar System: no Super-Earths, no 
mini-Neptunes 

Mercury  

0.4 AU 

Venus 

0.7 
Earth 

1.0 
Mars 

1.52 

Jupiter 

5.2 

Saturn 

9.5 

Uranus 

19 

Neptune 

30 

Batygin & Laughlin 2015: inward migration of Jupiter 
cleared the SS from super-Earths, then outward migration  
Izidoro et al 2015: Jupiter prevented Uranus & Neptune 
(and perhaps Saturn’s core from becoming super-Earths) 



Solar system twin? Jupiter + rocky planets? 



Conclusions 

• Metallicity can enhance planet formation, but 
its effect is mainly seen in close-in giants. 
Neptunes and Earths seem to form around 
stars in a broad metallicity range.  

• Planets can imprint signatures in the chemical 
composition of their host stars, either by 
sequestering refractories (& volatiles) or by 
planet engulfment. 

• Planet signatures are small (a few 0.01 dex), 
hence high precision is mandatory. 


