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Uranus

Solar system: Other systems may host:
- Jupiters - Hot-Jupiters

- Neptunes - Mini-Neptunes
- Earths - Super-Earths

http://www.lesud.com/lesud-astronomy_pageid81.html
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Notation

* A abundancia quimica A, de um elemento X é:
A, = log (N,/N,) + 12 = hidrogénio: A, = 12

o [X/H] — Axstar_AXSun

Fe/H

Fe/H]

= 0: same iron abundance as the Sun
=-1.0is 1/10 solar

* [X/Fe] = [X/H] - [Fe/H]

e [Ca/Fe] = +0.3 means twice the number of Ca

atoms per Fe atoms, relative to the Sun



Metallicity — close-in giant planet
connection

Mon. Not. R. Astron. Soc. 285, 403-412 (1997)

The stellar metallicity—giant planet connection

Guillermo Gonzalez*

Department of Astronomy, University of Texas, Austin, TX 78712, USA

Accepted 1996 September 24. Received 1996 September 23; in original form 1996 August 1



Metallicity — close-in giant planet

N. C. Santos!?, G. Israelian’, and M. Mayor? connection
A&A 415, 1153-1166(2004)
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Metallicity — close-in giant planet

THE ASTROPHYSICAL JOURNAL, 622:1102—1117, 2005 April 1 conne Ct | on
THE PLANET-METALLICITY CORRELATION

DEBRA A. FisCHER? AND JEFF VALENTL
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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 in FGK stars:
Rocky planets can be formed at any [Fe/H]

Rocky Mini- Ice/gas giants
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metallicity — planet connection:

Rocky & giant planets occur more frequently in metal-
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[Re <=1.7 R¢]

Wang & Fischer 2015 ApJ 149, 14

“Universal” metallicity — planet correlation:
but giant planets depend much more on [Fe/H]
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What about other elements besides iron?

Periodic Table of the Elements

':'é\' www.elementsdatabase com

H
3 3 hydrogen B poor metals
Lj Be alkali metals O nonmetals
alkali earth metals B noble gases
1 12 transition metals rare earth metals
Na | Mg
19 20| 21| 22| 23] 24 25 28| 27| 28] 29
K |Ca|Sc|Ti |V |[Cr|Mn|Fe |Co|Ni |Cul|Zn
a7 38 =9 40 41 42 43 A4 45 46 47
Rb|Sr| Y |Zr [Nb|Mo| Tc | Ru|Rh |Pd | Ag |Cd
55 il a7 T2 T3 T4 N+ TG K| 78 79
Cs|Ba|lLa|Hf | Ta |W | Re|Os| Ir |Pt | Au|Hg
BY B8 Bal 104| 105 108 107 108 1080 110
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58 59 &0 B &2 63 Gid B5| 66| Tl gal &9 70 71
Ce| Pr{Nd|Pm|Sm|Eu |Gd | Tb | Dy|Ho | Er | Tm|Yb | Lu
90| o©1| 92| o3 94| ©5| o8| 97| 98| 99| 100 101| 102] 103|
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Enhanced lithium depletion in Sun-like stars with
orbiting planets

Garik Israelian'?, Elisa Delgadn Mena'~
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eff Figure 1| Lithium abundance plotted against effective temperature in
solar-analogue stars with and without detected planets. The planet-



You cannot compare apples and oranges ...

comparer des pommes avec des oranges

comparer des pommes et des poires
comparar peras con manzanas

_5 r‘Tj”fﬁ"T_TfT—T“-'"Y‘T"Tﬁf”"_TWV_‘["T_Yﬁ“'_T' T 1.1 ]

You cannot add pears and apples ...
No puedes sumar peras con manzanas
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Li depletion is not enhanced in planet hosts !
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Comparing apples & apples

(only stars with similar stellar
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Li depletlon is not enhanced in planet hosts !

.............

% @@Waﬁ $@

_ E (a) Israelian et al. (2009) sample E
© o o ° 3
= O .
E_ O 20 O Cé) ‘E

(b) Restrlcted to 2r:.lr compurnson sample

i ! 9, 8°
AP o ¥
‘57'.00. o -57'.50. o .58100. 58150

Teff (K)

Apples &

oranges
Israelian et

i al. 2009,
1 Nature

® Planet hosts
O Comparison

i Apples &
i apples

Baumann et
al. 2010, ARA,
519, A87



ottt

£
o
I

seems
correlated '8

7
1.5

with age 3

r.
~—t
>,
c
—
I L | LI l 1 l L I T I |

e ¢
<0
F+a [ F a3

ool L v 1 10y

T

|

|

l

T

I 1

HIP1143287) .

v

I

[

; —— Charbonnel & Talon (2005
 — do Nascimento et al. (2009)
Xiong & Deng (2009)
o ~ - - Denissenkov (2010)

I

> ~
HIP102152

Lllllllllllllllllllllllllii

|

—e

.

4

3
Melendez et al. 2014, ARA, 567,13 AZE€
See also Monroe et al. 2013, Baumann et al. 2010

(G

6

yr)

~

8

9



Comparison of spectra
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What about other elements? Refractories
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Depletion trend of volatiles in Earth’s mantle probably reflects primary
nebular depletion in the Earth making material (Witt-Eickschen et al.2007).



What A ?®

about the
refractory
elements?
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What about the refractory elements?

Jupiter

Rocky core
rich in
refractories

Envelope

rich in

volatiles




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

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

refractory rich

Planet [Gg S0
engulfment (SRS ¢




Chemical signatures of rocks in White Dwarfs

THE ASTROPHYSICAL JOURNAL, 584:1.91-1.94, 2003 February 20
A TIDALLY DISRUPTED ASTEROID AROUND THE WHITE DWARF G29-38

M. JUrA

THE ASTROPHYSICAL JOURNAL, 709:950-962, 2010 February 1

CHEMICAL ABUNDANCES IN THE EXTERNALLY POLLUTED WHITE DWARF GD 40: EVIDENCE OF A
ROCKY EXTRASOLAR MINOR PLANET

B. KLEIN!, M. JUrA!, D. KOESTER?, B. ZUCKERMAN', AND C. MELIs' >
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Chemical signatures of rocky material in White Dwarfs
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Klein et al. 2010, ApJ 709, 950



Chemical signhatures of rocky material in White Dwarfs
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Oxygen triplet in White Dwarf and Sun/Solar Twin
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Predicted Sun’s depletion due to rocks ~ 0.04 dex (about 10%

Logarithmic abundance (dex)

effect)
]Za Chemical abundances in Typical errors in
o[ the Sun (Asplund et al. chemical abundance
il 2009) anajyses is = 0.05 dex!
1l
: Z | Element | Photosphere
ol 1 | H 12.00
! 2 | He [10.93 + 0.01]
g 3| Li 1.05 + 0.10
2 _lj 4 | Be 138 + 0.09
: 5 | B 2.70 £ 0.20
oL 6 | C 8.43 + 0.05
T N 7.83 £ 0.05
8 | O 8.69 + 0.05

Atomic number




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

High S/N (> 300), High resolution (R > 60 000)
e Careful selection of lines
e Strictly differential approach using “solar twins”
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Test using Sun’s reflected light by asteroids:
scatter of 0.006 dex
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Bedell, Meléndez, Bean, Ramirez, Leite & Asplund 2014, ApJ 795, 23



Expe ri ment u Si ng Observations of the solar twin 18 Sco
Solartwins HWHHN I w ,

- 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
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Example of
Magellan
spectra of

11 solar twins

and the Sun
(total spectral

coverage
3350 A -1um)
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) ! ! ! ! ! ' ! ! | ! ! ! ! | ! ! !
Sun’s otol o(volatiles) = 0.011 dex |

. o(refractories) = 0.007 dex
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Figure 2. Composition of the solar photosphere when 4 Mz of refractory-rich
material is added to the solar convection zone. compared to the unmodified Sun.
Abundances are normalized with respect to Fe. The line segments show rms
fits to the mean abundance pattern for 11 solar twins found by Meléndez et al.
(2009).
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THE ASTROPHYSICAL JOURNAL, 724:92-97, 2010 November 20
© 2010. The American Astronomical Society. All rights reserved. Printed in the U.S.A.

J. E. CHAMBERS
STELLAR ELEMENTAL ABUNDANCE PATTERNS:

Meteorite-like material IMPLICATIONS FOR PLANET FORMATION



Other possible interpretations

e 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
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Other possible interpretations: age effect?
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Planet effects in binary system with "twins”

THE ASTROPHYSICAL JOURNAL, 740:76 (15pp), 2011 October 20
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ELEMENTAL ABUNDANCE DIFFERENCES IN THE 16 CYGNI BINARY SYSTEM: A SIGNATURE OF GAS
GIANT PLANET FORMATION?

’ ’, 2 ]
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16 Cyg: widely separated pair of solar analogs

16 Cyg A : no planets

16 Cyg B : giant planet
(Y2 M)

Analysis using
McDonald
spectra with
R =60 000



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

010k _ 1 The missing
= [ 1  material in
i 0 osl ..:16 Cyg B may
- have been
I -
> | {used to form
< 0.00f its giant
planet
16CygBb
Atomic number
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Another work published !
at about the same time -

B e
(with lower resolution, !

R=45000) didn’t find a
difference between 16
Cyg A & B (Schuler et al. -
2011 ApJ 737 L32) i

0.1
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T, (K)
To clarify the situation,
- we acquired new better
me e Spectra at the CFHT, using

R =81000,S/N =700




Signatures of giant planet formation: 16 Cyg binary
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HIGH PRECISION ABUNDANCES IN THE 16 Cyg BINARY SYSTEM: A SIGNATURE
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Signatures of giant planet formation: 16 Cyg binary
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Another binary system: XO-2
Both components host planets

X0-2 (N-S)

| I I 1 1 I I I 1 1 l I I I 1 l I I
0'15_— Star Tog log g [Fe/H] __'
. XO-2N 5440 4.43 040 0.6 M, 2
. XO-28 5500 4.45 035 >0.3M;+>1.4M, Zi s
. A(N-S) —-60+5 —0.02+0.02 +0.053+0.004 S ¢
T | Cu !
X !
< .05 Na { -
s Rb .

s .
- C 0 Zn Cr .
B f I 1 Mn il
000 = b = = e e e e e e e T e e e e -
i I 1 1 1 1 I | 1 1 1 I | 1 1 1 l 1 | i
0 500 1000 1500
Te (K)

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



No abundance differences: HAT-P-1

.10 ]
L () d
i Secondary - Primary i
0.05 + Close-in giant —
B 0.5 M, -
0 g 1=
L- ) N | ————— ¢ ____ __i__%ﬁ_?-_' _i:
5 o.oo;% * . %} % v}%% :
3 i S J
~0.05F— -
_O. 1 O i A A " A 1 " " 1 A A L i il
0 500 1000 1500
T. (K)
Parameter Primary Secondary S—P
Tei (K) 6251 + 17 6049 + 8 —202 + 11 Liu et al. 2014,
log g (cgs) 436 + 0.03 443 + 0.02 +0.07 + 0.03
[Fe/H] (dex) 0.146 + 0.014 0.155 + 0.007  +0.009 + 0.009 MNRAS 442, 151
gy (kms™!) 1.45 + 0.03 1.22 + 0.02 —0.23 + 0.02



Kepler-10:
host of rocky
planets

Kepler-10b: 3 M
Kepler-10c: 17

Mep
Density ~ Earth

0.08

Liu et al. 2015, submitted

<Twms(Mogel|on)> - Kepler10(HET)

0.06

0.00

—0.02

|
[X/H]> 0.047+0.006 ¢=0.025

Thick disk 1 Slope=(0.50+0.05)%10" (K™') 0.=0.012
ObjCCt Teﬁ lOg g [FC/H] 1 1 1 1 | 1 1 L 1 | 1 1 1 1 |
(K) [cgs] 1
KO::pler—lOf1 5700 + 8 4.40 + 0.02 —0.144 + 0.008 500 000 1500
Semimajor axis Orbital period ( )
Mass (AU (days) Eccentricity Inclination Radius Tcon d K

3.33:049 M, 0.01684 0.837495 0 a8 o 14700 A,

17.2+1.8 M, 0.2410 45.29485 0 89.59"02% | 2357000 A,




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

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

-~ Collaborators:
Brazil: F. Freitas, M. Tucci Maia, L. Schirbel (IAG/USP)
Australia: M. Asplund, L. Casagrande
USA: |. Ramirez, J. Bean, Megan Bedell
| Germany: S. Dreizler

© Ana M. Molina at La Silla



A Jupiter twin around a solar twin!
2005 2010 2015
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Solar System: no Super-Earths, no
mini-Neptunes

Mercury Jupiter Saturn
0.4 AU 5.2

Venus

0.7 Uranus Neptune

Earth p1ars
1.0 152

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)



(dex)

[X/H]

Solar system twin? Jupiter + rocky planets?
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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 sighatures 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.



