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What	is	the	limit	in	chemical	
abundance	precision?	

Sneden	suggests	a	precision	≥0.06	dex	and	accuracy	
worse	than	0.1	dex:	“accuracy	beYer	than	0.1	dex	in	
abundance	raZos	is	difficult	to	achieve	at	the	moment”		



What	is	the	limit	in	abundance	precision?	
Cayrel	et	al.	2004	

True	scaYer	(0.15	dex)?		



What	is	the	limit	in	abundance	precision?	

!

Chemical abundances in the 
Sun (Asplund et al. 2009) 

Error	≥	0.05	dex?	

R	≥	300	000	
S/N	≥	1000	



What is going on with the solar O abundance? 

Asplund et al. 2004 

Anders & Grevesse 1989 

8.66±0.05 

8.93±0.04 
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Caffau et al. 
2008 

8.76±0.07 

Asplund et al. 2009 
8.69±0.05 



Caffau et al. vs. Asplund oxygen abundance 

Main reason 
for 
discrepancy is 
the different 
set of EW 
measurements 
by both groups 

“Caffau like” 

H.-G. Ludwig, 2012 

Asplund et al. 
8.69 ± 0.05 
 
Caffau et al. 
8.76 ± 0.07 

“Asplund like” 

Who is correct? 

73	mÅ	

82	mÅ	

61	mÅ	
48	mÅ	

69	mÅ	
54	mÅ	



CN is ubiquitous in the solar spectrum  
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CN blends for O I triplet 

CN blends 
must be 
taken into 
account, 
otherwise 
the EW may 
be 
inaccurate 

Other blend 

CN CN CN CN 
CN 

CN 



Comparison of equivalent widths for O I triplet 

Line	(A)	 Asplund	
E.W.	(A)	

Caffau	E.W.
(A)	

Melendez	E.W.	
(A)	

7771	 71.2	 81.4	 74.3	±	2.6	
7774	 61.8	 68.6	 63.9	±	0.5	
7776	 48.8	 54.2	 50.4	±	0.5	

Asplund et al. E.W. may be 
underestimated by 3,5%  

Caffau et al. EW may be 
overestimated by 8,2%  



Depending on how we measure the EW, 
we can have discrepancies of ~0.05 dex, 

even for relatively clean lines like the 
OI triplet at 777nm 



Comparing	abundances	for	α	Cen	A,	α	Cen	B	

Hinkel & Kane 2013 

Error (≥0,05 dex) 
is the spread of 5 
different authors 



•  Very	high	S/N:	reduces	errors	in	Wλ	

•  High	spectral	resoluZon:	reduces	errors	in	Wλ				
•  Careful	selecZon	of	lines:	reduces	blends		
•  Strictly	differenZal	approach:		reduces	

	 	 	 	 	 									model	errors	

Can	we	break	the	0.05	dex	barrier	in	
elemental	abundances?	



•  Very	high	S/N	
•  High	spectral	resoluZon	
•  Careful	selecZon	of	lines	
•  Strictly	differen3al	approach	using	stars	similar	
between	them	(”stellar	twins”):	
	-	precise	rela3ve	efec3ve	temperartures	

				-	line-by-line	cancel	errors	in	gf-values	
	-	weak	dependence	on	model	atmospheres	

Can	we	break	the	0.05	dex	barrier	in	
elemental	abundances?	



DifferenZal	abundances	AX	(element	X)	
log (W/λ) = cte + AX + log (g f ) + log λ - θ χexc - log kcont,λ  

Bedell, Meléndez, 
Bean et al. 2014 

Precise 
differential EW 
measurements 
are key to 
precise 
differential 
abundances 



Some	Zps	
•  Try	to	do	consistent	observaZons	using	the	
same	instrument/configuraZon	

•  Verify	your	relaZve	conZnuum	normalizaZon	



Measuring	lines	
•  Whenever	possible	choose	the	cleanest	lines	
•  If	the	lines	are	not	perfectly	clean,	try	to	
choose	a	line	close	to	a	conZnuum	region	

Bedell	et	al.	2014,	ApJ,	795,	23	



Measuring	lines	

Bedell	et	al.	2014,	ApJ,	795,	23	

Measure one 
line at a time in 
ALL STARS. 
 
Overplot the 
spectra and make 
a decision about 
continuum and 
part of the line 
profile that will be 
used 
 
Usual approach is 
to measure ALL 
LINES in one star 



ConZnuum	region	too	small	(±1Å)	
BeYer	to	use	(±2,5Å)	



Verifying	conZnuum	&	profile	limits	with	solar	atlas	

Wallace	et	al.	2011	



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

BLUE frame RED frame 

Observa3ons	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	



[Cr/Fe]	distribuZon	in	11	solar	twins	

Star-to-star	
scaYer	of	

only		
0.009	dex	



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% 
CorrelaZon	is	
highly	significant		
probability	~10-9	to	
happen	by	chance	
	
It’s	most	likely	to	win	
the	loTery	

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

Volatile elements 

Dust condensation temperature (K) 

Meléndez,	Asplund,	Gustafsson,	Yong	2009,	ApJ	LeTers	



The	late	accreted	
gas	in	the	

convecZon	zone	
was	deficient	in	

refractories	
The missing 
refractories were 
used to form dust, 
planetesimals & 
terrestrial planets  
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Test	using	asteroids:	scaYer	of	0.006	dex	

Bedell,	Meléndez,	Bean,	Ramírez,	Leite	&	Asplund	2014	



Test:	different	Sun’s	spectra:	no	variaZons	
(<	0.003	dex)	

There are no changes in 
the abundances obtained 
at different latitudes in the 
Sun for both volatile (to 
within 0.005 dex) and 
refractory (to within 0.002 
dex) elements. 



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	
	(~	2	MJ)	



Signatures	of	giant	planet	formaZon:	16	Cyg	binary	

A: no 
planet B: hosts 

a giant 
planet 

16 Cyg 

Marcelo Tucci 
Maia’s talk 16:30 
estrelas 



Another	binary	system:	XO-2	
Both	components	host	planets	

Ramírez	et	al.	2015.	See	also	Teske	et	al.	2015;	Biazzo	et	al.	2015	

0.6	MJ	>0.3	MJ	+	>	1.4	MJ	
	



Consistent	independent	results	for	binary	XO-2	
have	been	obtained	by	Biazzo	et	al.	(2015)	

See	also	Teske	et	al.	2015	



	Chemical	
signature	
found	by	
Safe	et	al.	2016	

Binary	pair	ζ	Ret	with	debris	disk	in	one	
component	(ζ2)	



Binary	pair	ζ	Ret	with	debris	disk	in	one	
component	(ζ2)	

Trend	with	Tcond	confirmed	by	Adibekyan	et	al.	2016	





Teske	et	al.	2016,	
in	press	



NegaZve	results:	HAT	P-1	binary	

Close-in	
giant	
0.5	MJ	
	

Liu	et	al.	(2014)	

Also	negaZve	results	for	HD80606	+	HD80607	
(Mack	et	al.	2016;	Safe	et	al.	2015)	



Planet	Search	at	La	Silla:	88	nights	

© Ana M. Molina at La Silla 

InternaZonal	project	lead	by	USP	
(Prof.	Jorge	Melendez).	

Brazil,	USA,	Germany,	Australia	



HARPS	at	the	3,6m	telescope	has	a	precision	of	1m/s	



Ramírez et al. 2014 
MIKE spectra 
R = 65 000 
S/N = 400 







HIP	
11915b	

Jupiter twin in HIP 11915 

Solar system Jupiter	
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First	Brazilian	planet	



HIP	11915	
Chemical	composiZon	like	the	Sun	

Sol	 HIP	11915	

Mg	 Mg	Si	 Si	Fe	 Fe	 O	O	
C	 C	 Cr	Cr	

Ti	 Ti	Ca	Ca	 V	V	

Al	 Al	

HIP	11915	is	
equipped	to	
form	rocky	
planets!	



Jupiter	is	fundamental	to	keep	the	
Solar	System	architecture	

Inner	
rocky	
planets	

Outer	giant	planets	



?	
HIP	11915:	solar	system	twin	candidate?	



HIP	11915:	solar	system	twin	candidate?	
Life	in	hypotheZcal	
planet?	

Age	only	10%	smaller	than	the	
Sun:	perhaps	enough	to	
develop	intelligent	life	



Trends	between	abundances	and	
stellar	ages	

(important	for	stellar	evoluZon	&	
galacZc	chemical	evoluZon)		



HIP 56948 
σ (LTE) = 0.0096 dex 
σ (NLTE) = 0.0093 dex 
 



σ = 0.010 dex 
 
18 Sco 



DifferenZal	method	
is	also	useful	to	
obtain	high	
precision	stellar	
parameters		
(Δ	Teff	≤	10	K,		
Δ	log	g	≤	0.02	dex)	
à	good	stellar	
masses	and	ages	



The	solar	lithium	problem	

•  The	solar	Li	is	
about	160	Zmes	
lower	than	in	
meteorites.		

•  Li	burns	at	2.5	106	K;	
below	the	convection	
zone:	no	depletion	in	
the	photosphere!	

www.kgs.ku.edu/	

ESO	



High	quality	spectra	needed	to	study	Li!	

VLT	+	UVES	
R	=	110	000,	S/N	~	500	-	1000	at	the	Li	feature	

Very	Large	Telescope,	8	meters	(Paranal)	

 UVES spectrograph 



Comparison	of	spectra	
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HIP	114328	and	
HIP102152:	
old	Li-poor	solar	
twins	



Carlos,	Nissen	&	Melendez	(2016)	

Most	stars	
follow	a	
lithium	–	age	
correlaZon,	
including	stars	
with	planets	
	
16	Cyg	B	(planet	
host)	is	normal	
in	Li.	Perhaps	
16	Cyg	A	
accreted	a	
planet	(also	rich	
in	refractories)	



Galac.c	Chemical	Evolu.on	
	

High	precision	abundances	in	18	Sco:	
a	solar	twin	rich	in	refractories	and	neutron-

capture	elements	

Using	UV	spectra	obtained	at	the	VLT	/	ESO	



Silver	
(Ag,	
Z=47)
in	the	
Sun	

Palladium	
(Pd,	Z=46)	
Nitrogen	(N,	

Z=7)	
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18	Sco	
(brightest	solar	
twin,	V	=	5.5)	
UVES+VLT	
R	=	110	000	
(red)	
R	=	65	000	
(blue)	
	

Rich	in	silver	
and	other		
n-capture	
elements	

Rich	in
		

refrac
tory	e

lements	

Age	=	2.9	Gyr	

Meléndez	et	al.	2014,	ApJ	791,	14	
August	10,	2014	



SubtracZng	
Tcond	trend	

Meléndez	et	al.	2014,	ApJ	

observations 

AGB model 
(Amanda Karakas) 

18	Sco	
(brightest	solar	
twin,	V	=	5.5)	
UVES+VLT	
R	=	110	000	
S/N	=	800	

Sr	

Yb	

Mo	

Ru	

Pd	

Ag	

Y	Zr	

Ba	

La	

Ce	

Pr	

Nd	
Sm	

Eu	

Gd	

Dy	



Perfect	
agreement	
between	
residual	
abundances	
and	
predicZons	
from	the	SS	r-
process	
fracZons	

Meléndez	et	al.	2014,	ApJ	



r-processs	in	metal-poor	stars	is	“easy”	(~	0.5	–	1.0	dex)	
r-process	in	solar	twin	18	Sco:	~	0.015-0.02	dex	
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Abundance	raZos	as	a	funcZon	of	age	



Spina et al. (2016): chemical clocks 



Tucci-Maia et al. 2016 
 
[Y/Mg] can also tell us 
about mass transfer in 
binaries 









Signatures	of	former	AGB	star	



Conclusion	
Precision	Spectroscopy	(0.01	dex)	of	
solar	twins	(and	stellar	twins)	is	a	
powerful	tool	for	studies	related	to	
planets,	stellar	evoluZon	and	galacZc	
chemical	evoluZon	


